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Abstract of thesis
This thesis was originally conceived as a potential Masters Degree research programme by the
management of ADM Ringaskiddy as a means of maximizing throughput through the plant’s wastewater
treatment facility. This facility is a major producer of citric acid using beet molasses and a fermentation
process. It was proposed that removal of a compound, known as betaine, from the citric acid process
waste stream would reduce the Chemical Oxygen Demand (COD) content of the waste requiring
treatment before disposal. This would be achieved by using the citric acid process waste as the feedstock
for a betaine extraction process. The wastewater treatment facility in ADM Ringaskiddy is one of the
major “bottlenecks” in the process stream and prevents any increase in production levels. Removing a
considerable part of the COD content would also have environmental benefits and assist meeting current
and future environmental regulations.
Such aspirations also made sense from a financial point of view, as betaine is worth a considerable sum of
money in purified fonn. Every year, literally millions of Euro worth of betaine were “going down the
drain”. The ambition of this thesis was that the marketable value of produced betaine would offset the
considerable capital expense of the equipment required.
In summary, separation of betaine from the waste stream is technically feasible but considerably more
work is required to achieve a working model or a pilot rig, where extraction of betaine could be studied
on a continuous or semi-continuous mode rather than using batches of feedstock. The difficulties
encountered during the study stemmed from the fact that the process waste is full of molasses residue and
liable to biodegradation. During use of the CSEP (Chromatography SEParator) pilot rig, it was noticed
that the resin within the column had a finite life span. It is possible to acquire high purity betaine solution
at a high recovery rate from the CSEP pilot rig but this is often at the expense of resin life span.
From the investigations during this thesis, it is recommended that a two-stage separation process be
utilized. The first stage separation would remove the bulk of the molasses impurities with a high recovery
of betaine and the second stage separation would refine the solution to give a high purity betaine product
at some expense of recovery.
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Chapter One
Introduction
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1.1

Background to Betaine Project
The aim of this project was to investigate a process to extract betaine (an
amino acid derivative) in a marketable form, from the strong effluent of the
citric acid production facility at ADM Ringaskiddy.
This Chapter introduces both ADM Ringaskiddy and ADM’s global
network. The primary product at the Ringaskiddy plant, citric acid, is
described in terms of its production history, production process and scope
of applications. The “Background to Betaine Chromatography Project”
section introduces the overall project, a statement of the objectives and an
outline of the potential benefits.
Currently betaine is a waste product in ADM. Betaine is present in beet
molasses, which is the feedstock for the citric acid process. Betaine
passes through the fermentation stage without being converted or reacted.
From there, it passes through the recovery stage to exit with the strong
effluent from the calcium citrate filter, then to the wastewater treatment
plant after being diluted with water from the storm drains (called weak
effluent). Betaine contributes a large proportion of the BOD in the strong
effluent (approximately 50%). Removing this from the waste stream would
reduce loading on the wastewater treatment plant, which is a bottleneck
for increasing production capacity.
Betaine is considerably valuable (^ 41,500 per tonne for technical grade
crystals) and a potential market exists to sell it as a finished product of
varying grades. Thus, the extra income would offset the capital cost.
Environmentally, extracting betaine is a reasonable course of action
because reducing effluent BOD levels lessens the environmental impact of
the Ringaskiddy plant as a whole. This can only be good for future
relations with the EPA and local residents.
As part of ADM’s continuing development, it was decided to study the
feasibility of separating betaine and purifying it to a marketable standard.
After discussions with the CIT and Clean Technology Centre, it was
agreed that this project should be offered as a post-graduate masters
degree program.

1.2

Summary
The main objectives of this project were to:
• develop a method to separate betaine from other components in the
strong effluent with the best compromise of yield and purity:
• ascertain the best operating conditions to separate betaine from the
other components:
• develop a method to concentrate and crystallise the separated betaine:
• investigate other possible methods of separating betaine from the other
components:
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•

determine potential scale-up parameters.

The main findings of this project were:
• betaine can be extracted from the strong effluent;
• it is possible to purify betaine to a high level;
• the plant required to treat all the strong effluent generated on-site
would be very large (approximately 650 m^ of resin);
• crystallisation of purified betaine requires more investigation.
When starting the project, it was necessary to re-commission the CSEP
(Chromatography SEParator) apparatus in ADM, which is a twelve column
pilot rig used for laboratory scale chromatographic separation and was the
primary equipment used in this project. This was achieved by upgrading
the various component parts of the apparatus over the period of the
project. This is discussed in more detail in Section 3.3.
Basic resin tests were the primary indicator of the suitability of a resin to
separate betaine from the calcium citrate waste stream. Having received
procedures for the basic resin tests, it was important to apply those and
test as many potentially suitable resins as possible. Six resins were tested.
Three of these were rejected from further consideration while two were
studied in more detail. One resin gave inconclusive results that require
more work.
In all, 96 runs were completed on the CSEP pilot rig. These provide a
large body of reference information on critical operating parameters. A
summary of optimisation options was produced, as well as a
troubleshooting guide.
The commercial scale-up practice with chromatography and CSEP set-up
conditions were sourced. These will prove invaluable to future workers on
this project. From the CSEP runs, it was decided to put a higher priority on
the use of the Purolite resin PCR642K than on the Mitsubishi resin
UBK555 because of the mechanical and handling problems associated
with UBK555.
A clear set of recommendations was produced for future work. These are
discussed in Chapter six.
1.3

Introduction to ADM Ringaskiddy and its process

1.3.1

Company Background
Archer Daniels is an American Corporation with headquarters in Decatur,
Illinois. The company, known as ADM, began in 1902 with a single
flaxseed mill [Anonymous 1, 2000]. Over the years, and particularly in the
last twenty-five years, the company has grown aggressively to become
one of the largest agricultural processing companies in the world. ADM is
a leading processor of the world’s major cereal and oilseed crops, with
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over 200 manufacturing plants across the world. The company’s global
network of production and distribution facilities, combined with its wide
product range, makes it a leading worldwide supplier of ingredients and
additives to the food and beverage market.
In 1990, ADM expanded into the food chemicals market with the purchase
of the Pfizer Inc. Citric Acid business and the commissioning of a major
biochemical plant at Decatur. The company’s objective is to become a
major producer of citric acid, amino acids and biochemical products for the
food and feed industries.
Ringaskiddy, on Cork Harbour, is one of four major ADM plants in Europe,
which are parts of the company’s global network. Its site at Hamburg is the
largest multi-seed processing complex in the world. In the Netherlands,
the Soya processing facility at Europort is also the largest of its type.
ADM’s UK plant at Erith is the world’s largest softseed processing facility,
producing edible oils from rapeseed and sunflower seed. These four
plants and the network of smaller ADM operations within Europe serve
food and beverage manufacturers across the continent, supplying both
locally processed ingredients and distributing other ADM products made in
the USA.
1.3.2

ADM Ringaskiddy

The major fermentation facility in Ringaskiddy marked 25 years of
continuous operation in the summer of 1996. Since the plant came under
ADM ownership in 1990, investments in substantial projects have
significantly developed the site, strengthening its position as a major world
producer of citric acid and citrates. Aimed at improving, expanding and
automating the plant, ADM’s investment has produced one of the most
modern manufacturing facilities of its type in the world.
The management, operation and maintenance of ADM’s plant at
Ringaskiddy require a variety of skilled personnel. These include chemical,
mechanical and electrical engineers, chemists, quality control technicians,
maintenance craft persons, plant operators, and accountants, purchasing,
shipping and warehousing specialists. The company employs 160 people
directly and many more indirectly.
The ADM Ringaskiddy food chemicals operation comprises facilities for
the manufacture of organic acid products including citric acid and gluconic
acid. Within the plant are also such services as the powerhouse,
wastewater treatment plant, engineering workshop and offices. Onsite,
three fired boilers can produce 60,000 kg of steam every hour and the
compressors can produce 2500 m^ of air per minute. A 5-megawatt gas
turbine generator provides enough electricity to meet site requirements
and the exhaust gas from the turbine is utilised to raise steam in one of the
boilers.
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An essential feature of the investment in the Ringaskiddy plant was the
construction of an onsite effluent treatment plant. The main waste stream
from the plant is derived from the production of citric acid and is almost
entirely the residue of molasses used in the fermentation process after the
sugar has been utilised. The treatment plant generates energy in the form
of biogas (methane), which is used in the boilers to generate steam and
hence reduce fuel costs. The process removes 90% of the biological
oxygen demand of the waste stream prior to discharge to the harbour.
A major feature of the site is the jetty, which receives cargoes of molasses
(up to 23,000 tonnes at any one time), and sulphuric acid, which comes in
4,000-tonne lots for use in the process.
The extensive facilities of the ADM plant at Ringaskiddy are used to
produce fine chemicals for sale in most countries of the world. The range
of products includes citric acid hydrous and anhydrous, sodium citrate,
potassium citrate, gluconic acid and glucono-delta-lactone. The main
product is citric acid, which has moved gradually from being a speciality to
a commodity type product since production started in 1971. Therefore, the
commercial success depends on three main factors - selling price, cost of
production and quality. Due to the competitive nature of the market in
which ADM chemicals are sold, cost reduction in the manufacturing of
products is a major management objective. ADM at Ringaskiddy is
achieving production cost effectiveness by continuous review of methods,
raw materials and energy usage.
Management at ADM Ringaskiddy has specifically requested that this
thesis refrain from divulging process details or operating conditions to
maintain confidentiality. It is for this reason that a process flow diagram
cannot be supplied. Discussion of the process must also be of a basic
nature.
1.3.3

Main Product - Citric Acid

Citric acid is a white or translucent solid with a chemical formula of
CeHsO/. The expanded formula is HOOCCH2C(OH)(COOH)CH2COOH.
Citric acid is a tricarboxylic acid and in terms of lUPAC nomenclature, it is
2-hydroxypropane-1, 2, 3-tricarboxylic acid. It is also known as (3hydroxytricarallyic acid. It is a natural constituent and a common
metabolite of plants and animals.
1.3.4

Production History

The history of commercial citric acid production can be traced back to the
mid-nineteenth century in the UK when the Atlas Chemical Works in
London started manufacturing the acid from lemon juice imported from
Italy. John Bennett Lawes bought the business. In 1869, he sent one of his
assistants to Palermo in Italy to set up a plant to manufacture the citrate of
lime from raw lemon juice. The objective was to ship this, instead of the
full juice, to the plant in London. In response to the increasing demand for
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citric acid, this process spread to all the Sicilian lemon growing districts,
and to other parts of Italy.
The previous plant manager from the Atlas Chemical Works left to set up
another citric acid plant, Kemball Bishop, which was established in
Bromley-by-Bow, London in 1871 with a production capacity of one and a
half tons per week. The production of citric acid soon spread with
businesses developing in Germany, France and the US. Kemball Bishop
eventually acquired John Bennett Lawes’ business in 1913. Originally,
citric acid was extracted from citrus fruits alone but the mounting pressure
of demand made this process uneconomical by the early 1900s. The first
large-scale fermentation was commercialised by Pfizer in 1923 using the
microorganism Aspergillus Niger. Today, the main raw materials for citric
acid production are carbohydrates such as molasses and starches.
Pfizer took a minority shareholding in Kemball Bishop in 1936 and
subsequently acquired the company in 1958. The Kemball Bishop plant
closed in 1971. This was followed by the start-up of the Ringaskiddy plant.
Pfizer’s worldwide citric business was acquired by ADM in 1990.
1.3.5

Production Process

The production of citric acid is by fermentation and the raw material is
molasses, which is fermented using microorganisms, to convert the sugar
into crude citric acid, which is then refined into the finished product.
Fermentation is also the process used to manufacture another ADM
product, gluconic acid, but the main raw material used here is dextrose
(sugar product similar to glucose).
Production involves fermentation techniques with microorganisms
converting the sugars into citric acid. The citric acid broth produced from
this fermentation is purified, concentrated and crystallised into either the
anhydrous or the monohydrate form (solid), depending on the
temperature. The acid is then sieved into fine, medium or coarse granules
or powders. Mono-sodium citrate is a good example of a solid form of citric
acid. It should be noted that citric acid is marketed in both solid and liquid
forms.
In the 1980s, the use of citric acid solution (liquid) proved advantageous to
the soft drinks and detergent industries, enabling them to simplify
production processes. Citric acid solution allows greater flexibility in the
production plant and ingredients can be added simultaneously rather than
sequentially. Further advantages include elimination of the need for onsite
heating boilers to pre-dissolve the crystalline citric, no bags or pallets to
dispose of, and reduced labour and handling costs.
1.3.6

Scope of Applications

The application of the chemical products is varied, with the bulk being
distributed for use in the food, drink and pharmaceutical industries. In the
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soft drinks industry, citric acid provides the acid flavour and in the
pharmaceutical industry, it usually provides the “fizz” typical of many
pharmaceutical consumer products. In the food industry, citric acid is used
in the manufacture of boiled sweets to provide acidity and fruit flavours.
Citric acid is also used in many other food products, for example, some
cooked meats, where an adjustment to acidity is required. In the heavy
industry, there are many uses of citric acid, particularly in the cleaning of
high-pressure boilers.
Citric acid fulfils a variety of functions such as imparting flavour, prolonging
shelf life and contributing to ease of processing in a wide range of
products. The citric acid and citrates produced at Ringaskiddy can be used
as independent ingredients, in conjunction with each other, and/or other
types of food additives such as preservatives or antioxidants, to adjust
their performances.
In both the food and beverage industries, citric acid is the preferred
acidulate for producing a sharp “acid” taste and enhancing the fruitiness of
natural or artificial fruit flavours. When a high acid flavour is undesired,
citrates may be used in conjunction with or in place of citric acid to create
the desired effect. With regard to flavour, citric acid:
• imparts a citrus tang to carbonated, still and powdered beverages and
with citrate, it provides buffered acidity;
• enhances fruit flavour and provides tartness in artificially or naturally
sweetened confectionery;
• contributes flavour in fruit sherbets;
• with citrate, it reduces the after-taste associated with saccharin in
carbonated drinks.
Citric acid and citrates have a preserving effect in certain foods. Citrates
form stable complexes, which aid the preservation of food by eliminating
the trace metals that can contribute to their deterioration. With regard to
shelf life, citric acid:
• increases the effectiveness of certain preservatives and reduces the
heat processing requirements in fruit and vegetable products;
• works with antioxidants to retard the development of off-colours in
products containing fats and oils;
• minimises discolouration and the development of off-flavour in
shellfish;
• can help to maintain freshness and prevent discolouration in prepared.
As well as the numerous benefits to the finished products in food and
beverage manufacture, citric acid and citrates have valuable applications
in promoting ease of production including:
• complementing the high-speed extrusion process in processed cheese;
• accelerating the curing of cooked, smoked meat products;
• aiding the carbonation retention in carbonated drinks.
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The list of applications for citric acid and its salts is diverse with small
quantities being used in numerous other products not mentioned above.
Citric acid is accepted as a safe food additive in that the levels of citric and
citrates required to create the desired effect in food products are safe for
human health.
Applications of the other ADM products are as follows. Glucono-deltalactone is used to assist in the accelerated maturing of certain salami-type
sausage products, in some high quality baking powders and in specialised
pharmaceutical products. Gluconic acid is principally used as a metal
cleaning agent. Sodium citrate is used in detergents, as a food additive
and in pharmaceutical formulations as an anti-coagulant.
1.4

Process overview

ADM Ringaskiddy has requested that a certain amount of confidentiality is
applied throughout this project. Unfortunately, no process flow diagram
can be supplied for the recovery section of the plant. Details regarding this
section of the plant are also required to be rather basic.
It is important to get an overview of the citric acid process in order to
understand how extraction of betaine could be fitted into the overall
process. There are three main sections to the process: fermentation,
recovery and wastewater treatment.
1.4.1

Fermentation

Fermentation is the largest part of the process in a physical sense and the
simplest. In the microbiology laboratory of the fermentation building,
cultures of Aspergillus Niger yeast are grown in 1 litre conical flasks and
incubated until a healthy growth stage is reached.
The yeast is now ready for the first stage of fermentation. 100 gallons of
molasses containing about 50% w/w fermentable sugars are mixed with
the yeast culture. The sugars in the molasses provide the food for the
yeast to grow. The process is somewhat similar to alcohol brewing and
sometimes alcohol is produced instead of citric acid if conditions are not
completely correct, even in the large fermentation tanks. However, with
improvements in quality control, this rarely happens nowadays. Once
suitable growth has been achieved, the broth is transferred to a larger
second stage fermentation vessel, 5,000-gallon in volume.
At this stage, everything is ready for the final stage of fermentation. 70,000
gallons of diluted molasses (5% sugar) is mixed with the broth from the
second stage fermentation. Diluted molasses is used because undiluted
molasses would be too rich a feed for the microorganisms. This diluted
molasses is made up in “media prep” tanks situated outside the
fermentation building. Various other additives are added, such as calcium
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carbonate to control the pH of the vessel. As citric acid is synthesised, the
pH will decrease and too low a pH will kill the yeast. When the sugar
concentration decreases from 5% to 2.5%, sufficient yeast culture is
available to digest more sugar so 20,000 gallons of raw molasses is
pumped into the tank and the fermentation process can now continue to
completion. Obviously, obtaining a good yield of citric acid requires using
the maximum amount of sugar, so sufficient time must be allowed for the
fermentation to reach completion. The process is aerobic, that is, it
requires the presence of air. Therefore, the simplest way to stop the
fermentation is to turn off the flow of air because the yeast cannot survive
without oxygen. The yeast will then stop reproducing and quickly expire.
The third and final stage of the fermentation cycle usually takes three and
a half days. The broth is then sent to a clarifier where the dead yeast cells
are allowed to settle out. The next stage is to recover the citric acid from
the settled broth.

IVblasses

200CDgallcnsnaA/
mdasses

iVbasses
2^Stgge

V
V

5%SLQ3r

A.:''

Exothefrric

V
25%SLgcr
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stcpferrentation

2^ stage

3^ Stage

Figure 1: Fermentation process
A critical point for the fermentation is to have sterile vessels before starting
the process. If any bacteria or other microorganisms are present during
fermentation, the risk of a spoiled batch is very high. All vessels from the
first to third stages are sterilised with steam before use. The diluted
molasses entering the final-stage fermentation vessel must be passed
through a heat exchanger to sterilise it, as the media-prep tanks may not
be completely sterile. This diluted molasses is cooled very quickly, as
prolonged heating would char the sugar content of the stream. There is no
need to sterilise the raw molasses, as it is too rich in sugar for any
microorganisms to grow.

1.4.2

Recovery
As explained earlier, the level of process detail provided in this thesis is
limited. A thorough understanding of the whole process was necessary for
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this project but unfortunately, the “recovery” section of that process cannot
be described in anything other than a summary fashion in this thesis.
While fermentation is the largest part of the plant, recovery is where most
of the technical work is carried out. Most of the engineering and design
work in the plant is for the recovery section of the process. Here, the citric
acid is removed from the fermentation broth. Citric acid yield must be as
high as possible. ADM aim to achieve 91.5% recovery of the citric acid
and this is achieved most of the time.
When citric acid is recovered from the fermentation broth, the resulting
aqueous solution is crystallised in the refining process to give the finished
product citric acid. Before that can happen, the broth is clarified to remove
dead yeast cells and then blended with mother liquor, which is recycled
from the refining process. On dilution, the broth deposits high molecular
weight colour bodies, which are removed. The broth going forward through
the recovery process is known as the centrate or suciac. It contains
hydrous citric acid and both organic and inorganic impurities, all in
solution. The soluble impurities are removed from solution using the
calcium citrate process during which the majority of the citric acid in the
feed liquor is converted and precipitated as calcium citrate. The calcium
citrate cake is filtered and washed.
During this process, a waste stream is produced. This is called the
“calcium citrate” waste. It is a filtrate from one of the rotary drum filters and
contains some microcrystalline calcium citrate. It also contains a large
portion of sodium and potassium salts along with glyco-proteins, which
cause most of the colour, and betaine. The calcium citrate waste leaves
recovery at approximately 60°C and is sterile. However, it is a fertile
growth medium for microorganisms and quickly biodegrades.
1.4.3

Wastewater treatment

To reduce the environmental impact of the process waste, much of the
biodegradable waste is sent to the wastewater treatment plant. Strong
effluent from recovery is the main waste and this is diluted with water from
storm drains. The first stage is anaerobic decomposition in which biogas is
formed, which is a useful source of fuel for the powerhouse but it is toxic
so care must be taken to prevent leaks. Over 70% of the BOD is oxidised
in the anaerobic digesters. The next stage is the large aerobic basin where
the BOD is reduced even further. The solid sludge is then settled in
clarifiers. The remaining clear liquid has a low BOD and it is permissible to
pump this into natural waters. At this stage, the BOD has been reduced by
90% from its level in the strong effluent.
1.4.4

Where to extract betaine?

Extracting betaine from the recovery process makes most sense because
the final waste stream entering wastewater treatment (WWT) is very dilute.
Also, it is possible that extracting betaine would adversely affect the
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operation of the WWT plant, because betaine makes up a large portion of
the COD in the calcium citrate waste despite its low concentration. While
this might mean far less loading of the wastewater treatment plant and a
resultant reduced COD in the plant waste stream, the possibility of
starving the microorganisms that degrade compounds containing COD of
their necessary food must be considered. These are points to be
considered in the discussion section and by the ADM design team. This
Chapter simply considers the parts of the process that are relevant to the
betaine project.
1.5

Chromatography as applied to betaine

There is a large amount of information on the separation of betaine by
chromatography. Most of this could loosely be classified as Company
promotional material as hard facts are somewhat limited [Paananen &
Kuisma, 2000 & Paananen, 1996]. Some articles start in a general way
and carry on to impart some important tips [Giacobello, 2000], such as
using supports for the resin as the column diameter increases. Rarely, an
article can be found that investigates the design and mathematical
modelling of chromatography systems [Zhong & Guichon, 1998]. Some of
these are in languages other than English [Jin,. No translations were
found. 1997].
Design heuristics applicable to this system are not reported in the
literature. However, at a late stage of the project, guidance on such design
calculations was obtained from a vendor of chromatographic equipment.
This information is reported in Chapter five.
1.5.1

Process selection for the removal of betaine

When consideration is given to separating betaine from the strong effluent,
alternatives to the standard technique of chromatography must be
considered. As betaine is a diluted solid-in-solution separation, classical
methods like distillation cannot be used. Betaine and all its known
compounds are very soluble in water so precipitation could not be used
either. The strong effluent needs to be purified in a preliminary manner
before crystallisation can be considered because the potassium and
sodium salts are equally as soluble as betaine.
Solvent extraction would probably work but ADM Ringaskiddy made the
conscious decision to minimise use of solvents or not to use them at all if
possible. Considering ERA regulations on solvent disposal or treatment
and the lack of solvent use on-site at present, this is a wise decision. This
area was not investigated so it is not known what solvents would have
worked.
Therefore, whatever process was used would have to be aqueous-based.
Resin technology was considered next, as it would not be hard to find a
resin that could selectively adsorb betaine over the other impurities. The
problem was to find a process that would enable us to separate the
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betaine from the salts and glyco-proteins and into two separate outlet
streams. Using ion-exchange chromatography and simulated moving bed
(SMB) technology for betaine separation was first trialed by the
bioseparations research division in ADM Decatur. In particular, Dr. Ahmad
Hilaly was very helpful in setting up the CSEP and doing the initial runs.
Resin technology is not completely new to ADM Ringaskiddy because ionexchange resins are already used for the gluconic acid process to extract
sodium ions from the gluconic acid solution.
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Chapter Two
Literature review
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2.1

Introduction
Chromatography is introduced in this Chapter. Extensive literature is
available on the use of chromatography for analytical purposes but there is
less literature available as the scale of operation increases. The chemical
structure of betaine is well known and the uses of betaine have become
more apparent in recent years. However, the literature on large-scale
applications of chromatography and in particular its application to the
separation of betaine is limited due to commercial sensitivity. The betaine
market is relatively new and existing producers do not want to encourage
competition. For this reason, commercial companies will not publish their
findings and, in fact, patents protect most of the information. The patents
themselves contain valuable information but facts are hidden by legal
jargon. Patents also specify process parameters as wide as possible to
prevent others copying the process so figures such as the concentration of
vinasse used are very vague. For example, a dry solids concentration of
50-80% is quoted for vinasse in a Dutch patent, [see Appendix XIII for
details].
Most of the general information on betaine was obtained from the Internet.
The sugar handbook [McGinnis, 1971] was especially helpful in obtaining
hard factual information on betaine but the publication is dated, so
information regarding the marketing of betaine and its uses must be
treated with caution. The vendor references make many claims as to the
benefits of betaine but very few of these are supported by references. This
is the danger of relying on vendor information. Sales staff will, of course,
state that betaine cures every disease known to man. An effort has been
made to sort fact from fiction and the literature for general betaine
information is covered in detail in section 2.3.
Very little published information deals with the mathematical treatment of
chromatography. Wankat, [1984], for instance, deals with some
calculations behind adsorption processes but they are not applicable to
this project. One good article [Zhong and Guichon, 1998] was found and
this provides the basis for the in-depth calculations in Chapter five. A later
volume by Wankat dealt specifically with simulated moving bed systems
but the mathematical modelling is especially esoteric and non-applicable
in practical situations. [Wankat, 1986]. Another book, [Ruthven, 1984] is
an excellent guide to adsorption processes but does not cover SMB
processes.

2.2

General chromatography literature

2.2.1

Introduction
Chromatography is defined as a separation method whereby individual
chemical compounds, which were originally present in a mixture, are
resolved from each other by the selective process of distribution between
two heterogeneous (immiscible) phases [Zumdahl, 1993]. To paraphrase
the above definition, it is defined as a process separating the components
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of a mixture based on their differential rate of migration along a column
packed with a solid phase and percolated by a fluid phase.
The distribution of chemical species to be separated occurs in a dynamic
process between a mobile phase and a stationary phase. The stationary
phase is a dispersed medium, which usually has a relatively large surface
area, through which the mobile phase is allowed to flow. The chemical
nature of the stationary phase exercises the primary control over the
separation process. The greater the affinity of a particular chemical
compound (referred to as the solute) for the stationary medium, the longer
it will be retained in the system. The mobile phase can be either gas or
liquid; correspondingly, the methods are referred to as gas
chromatography and liquid chromatography.
The invention of chromatography is credited to the Russian scientist
Tswett, for his 1906 separation of pigments in packed columns.
There are four combinations of heterogeneous phase systems, which give
rise to four different chromatographic methods; gas-solid; liquid-solid; gasliquid and liquid-liquid chromatography. In gas-solid and liquid-solid
chromatography, sample molecules are caused to interact physically with
the surface of a porous solid by means of a phenomenon called
adsorption. Hence, these two methods are also generally referred to as
adsorption chromatography. The adsorptive effect of the chromatographic
medium for different solutes determines their rates of migration through
the medium. In gas-liquid and liquid-liquid chromatography, the liquid
stationary phase is held on the surface of an inert solid, which serves
merely as its support and, ideally, does not participate in the separation
process. Primarily, then, the components of a mixture having different
solubilities in the stationary phase separate by migrating at different rates.
Since the partitioning of sample molecules between the two phases is the
basis of these methods, they are also generally referred to as partition
chromatography. The rate of migration of a solute can be related to its
thermodynamic partition coefficient in a given two-phase system.
Chromatography has been used primarily as a separation and isolation
method. Unlike classical chemical separation methods (for example,
precipitation or crystallisation), chromatography is intended to separate
multi-component mixtures in a single-step procedure. The use of
chromatography in general analytical procedures is dramatically
increasing. Many analytical tasks cannot be adequately dealt with by any
other available methods. Chromatographic methods can also be
automated for routine analyses.
The most important mode (type) of operation in chromatography is elution.
In elution chromatography, the sample (a mixture of components to be
separated) is placed as a narrow concentration impulse at the beginning of
the chromatographic medium. The mobile phase is then introduced, and
the sample components migrate with it through the chromatographic bed.
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In gas chromatography, in which the mobile phase is most typically an
inert inorganic gas, sample molecules are merely transported through the
sorption medium [Zumdahl, 1993]. However, in liquid chromatography, the
mobile fluid may have an appreciable “extraction” effect on a sample
molecule, causing it to migrate more slowly or more quickly; or,
alternatively, the mobile-phase molecules can compete with the solute
molecules for the available sites on the adsorbent (solid stationary phase).
2.2.2

Liquid elution chromatography
One simple type of chromatography, often demonstrated in school
laboratories, paper chromatography, employs a strip of porous paper,
such as filter paper, for the stationary phase. A drop of the mixture (e.g.
ink) to be separated is placed on the paper, which is then dipped into a
liquid (the mobile phase) that travels up the paper as though it were a
wick.
Elution is the driving force that causes the ink to be carried along with the
mobile phase. Elution is mostly associated with movement of liquid and by
this movement, solutes are moved through a separating medium, such as
resin.
The idea is that different components move through mediums at different
speeds and separation will increase between components over time. In
the betaine project, the system can be modelled as ternary: betaine, the
impurities and water as the eluant. However, it is simpler to only consider
two components as water can be assumed to be inert with the resin. This
leaves betaine and the impurities. The impurities consist mainly of organic
macromolecules and various cations and anions. Thus, for the purposes of
discussing the theory, only cases where two components are to be
separated will be discussed. This assumption was made very early in the
project and greatly simplifies the calculations involved. However,
chromatography is equally proficient at separating multi-component
mixtures. The design of such systems is more complex but the governing
principle is still the same.
What all process scale elution chromatographic systems have in common
are columns containing a resin. The resin selected depends on the
properties of the components that need to be separated, and decides the
type of chromatography used to separate the various components. Resin
types are discussed in Section 4.2.
The components are eluted with the mobile phase, through the column at
different speeds and exit the bottom at different times. It is therefore
possible to separate small batches in the laboratory using one column of
the correct resin type by collecting fractions over time. From this, a
concentration profile over time can be drawn.
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B goes through column
faster than A. Thus
when B exits column, A
is still inside.

Figure 2: Single-column chromatography

The diagram above shows the basics of single-column chromatography.
Component A will take longer to travel through the column than
component B. This means that a fraction of pure (or nearly so) component
B can be collected before component A.
Incidentally, component A should also have a high purity and contain very
little of component B.
Separation depends on a number of factors:
1. suitability of the resin for this separation;
2. flowrate of the feed or eluant;
3. volume of resin;
4. available surface area of resin.
The advantages and disadvantages of liquid chromatography are listed in
Table 1.

Advantages:

Disadvantages:

clean;

high pressure drops in deep
beds;
high resolution;
resin prone to fouling;
not much information on largeselective;
scale chromatographic systems; 1
difficult to optimise (lots of
|
low temperatures (important when
dealing with heat-sensitive compounds). variables).
Chromatography has, in recent years, gained considerable importance not
only as a research and development tool, but also as a viable alternative
to traditional separation techniques. Not counting those examples where
no alternative purification is successful, the high recoveries of purified
product will often more than compensate for the relatively high processing
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cost, even compared with a low cost technique such as re-crystallisation,
provided that the value of the product is high enough. This is the basic
economy of using chromatography as a separation process.
In process chromatography, as distinct from preparative chromatography
used in analysis, the following points must be taken into consideration.
• The process must be optimised in terms of cost (capital investment
and running costs). The cost of the product will be critical.
• The required quality of the purified material must be clearly defined at
the outset. If, for example, the product of the chromatographic step is
to be used as an intermediate in further processing operations, it may
be possible to produce material of a lower quality than if the product of
the chromatographic step is a final product. An understanding of the
tolerances, which the process will allow, is essential, since a lower
quality will be cheaper to produce.
• The chromatographic separation will usually only represent a small part
of the total production process. Production of the feedstock for the
chromatography, isolation of the product and recovery of solvents will
require a greater proportion of resources. The chromatographic
separation must be considered, not in isolation, but as an integral part
of the overall process. For example, process changes during the
synthesis of the feedstock may affect the quality of the feedstock and
hence require changes to be made to the chromatography. The
interrelationship of these factors must be understood in order to
develop a reliable process. The selection of a particular
chromatographic technique, where alternatives are available, may be
based on the ease of product isolation, solvent recovery and safety
rather than upon purely chromatographic considerations.
• The chromatographic step will often be the rate-limiting step in
production. This is particularly true in the situation where a
chromatograph is to be used for a single process and the size of
equipment purchased will be determined on the basis of running the
instrument, as near as is possible, continuously. Idle plant is expensive
and this is particularly true where, in order to operate safely under
pressure, doubling the cross-sectional area of a column, for example,
may require the larger column to be engineered in such a way as to
more than double its capital cost. It may on occasions be worth
considering installing two smaller units rather than one large one, since
the capital cost may not be too different, and there will be a strategic
advantage in the event of equipment failure. These units can be run
out of phase so that the purified product is produced in a continuous
stream, thus opening the possibility of continuous down-stream
processing which may be advantageous.
• Other factors, such as the stability of the feedstock may need to be
considered. There is little point in preparing a large batch of feedstock,
only to find that it has decomposed before chromatography has been
carried out. This may dictate either the scale of synthesis of the
feedstock or the scale of chromatographic equipment purchased.
Page 18

•

•

•

2.2.3

If an option exists to carry out the chromatographic purification at more
than one point in a multistage synthesis, without compromising the
quality of the final product, it is usually preferable to carry out this step
as late in the synthesis as possible since with yield losses at each
step, a lower amount of material will require purification [Hill, 1995].
This will have to be balanced against possible waste of expensive
reagents in carrying out a reaction on a crude intermediate. The
importance of carrying out proper costing on alternatives cannot be
overemphasised.
Automation of the chromatographic separation is essential [Hill, 1995].
Not only is it a waste of resource to utilise highly trained operators in
this situation but also it avoids human error. Additionally, by automating
operations it is far easier to validate the process. Controls can be
incorporated so that only an authorised person can make any required
adjustments to the separation conditions and any such adjustments will
be properly logged automatically so that compliance with “good
manufacturing practice” can be assured.
The chromatographic process must be robust. Automation will be
simpler and consequently cheaper if the separation conditions remain
constant. This will have implications in the areas associated with the
chromatographic step such as solvent recovery and preparation of
mobile phase. The quality of the feedstock will need to be, as near as
possible, constant. This may also dictate how often the stationary
phase needs to be changed or whether a guard column should be
used in a particular situation in order to maintain column performance.

Process-scale applications of chromatography

Formerly, chromatography was only used when no other separation
technique could be used (distillation, crystallisation) or when very dilute
solutions were in use. This has changed in recent years with
chromatography being used in place of more traditional separation
methods because of its high yields. It has an advantage over solvent
extraction in that no extra (possibly toxic and polluting) reagents have to
be added to the stream. It can be used to separate homogenous or
heterogeneous liquid-liquid mixtures and dilute liquid-solid mixtures.
2.2.4

Differences between analytical, preparative & process chromatography

Analytical HPLC (High Performance Liquid Chromatography), preparative
LC (Liquid Chromatography) and process LC have many similarities but
there are also many differences. Process scale chromatography is
obviously much larger with higher flowrates and a facility for the
continuous collection of fractions. Preparative and process LC should be
considered as purification processes and as such are similar except for
the vast difference in scale. The problem is to purify the product of interest
to the highest yield for the required purity as quickly, cheaply and easily as
possible. Preparative and process LC will be used where simpler methods,
e.g. hot filtration & crystallisation, would be unsuccessful or not feasible.
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Table 2, Table 3, Table 4 and Table 5 were taken from an article
pertaining to differences between preparative and analytical HPLC.
Nothing was available for process chromatography but they are useful in
estimating scale-up factors [Herbert, 1991].
Table 2: Comparison of scale-up
Analytical
1
1-6
!
Column ID
I (mm)
I Quantities of FQ
'
1
I product
i

i

factors for liquid chromatography
Semi-prep
Preparative
Process
>150
7-25
25-100
mg

kg

g

,

Operational conditions
Table 3: Comparison of scale-up factors for liquid chromatography
Analytical
Preparative
Condition
Wide range
More
Mobile phase
restricted
Often theoretical optimum
Often higher
Flowrate
than
theoretical
optimum
Unimportant within system
Important
Back pressure
constraints
_____
Important (short)
Important
Speed of run
(longer)
Sample load
Sample volume
Temperature
control

Non-overload ____
Small
Sometimes desirable

Sample stability

Important

Process
Mostly water

Considerably
higher than
theoretical
optimurn_
Critically
important
Possibly
continuous or
semi-continuous
Overload
Overload
Large
Very large
Less common Important for
control of
microbial growth
Very important Critical for long
runs

Equipment features
Analytical
Many suppliers

Feature
Range of
equipment
Specification of
equipment
Cost of
equipment

1 Similar, e.g.
1 €10000

System ancillaries

1 Minimal

Similar

Table continued on next page
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Preparative
More
restricted
Wide spread

Process
Few suppliers

Wide range,
e.g. €10000€250000
€0-€500000

Dependent on
size of project

Project specific

Costly

Explosion proof

No

System weight

Light

Dependent on
scale of
operation &
operating
conditions
Heavy

Auto/Manual
Requires
investigation of
HAS regulations

Manual
Rarely

Auto
Often

Dependent on
materials used

Very heavy. Not
mobile.
Auto
Definitely

System parameters

'>.2.5

Parameter

Analytical

Preparative

Process

Pulse free
Flowrate
reproducibility
Flowrate accuracy
Flowrate
specification

Very important
Very important

Important
Very important

Minimise
Very important

Very important
0.1-9.9 ml/min

Pressure rating
Injector

Important
Dependent on
project size.
Possibly
litres/min
Lower
Pump

Quantitation
Data storage
Fraction collector
Column system

6000 psi typically
6-port
valve/autosampler
typically
Very important
Important
Not important
Compression fittings

important
Varied e.g. 1150 ml/min
25-1000
ml/min
Varied
Pump

Less important Not so important
Important
Important
Very important Very important
Flange fittings Flange fittings

Parameter

Analytical

Preparative

Process

Column packing

Slurry packed self/
manufacturer

Packing material

5"|.im - €9500/kg

Slurry / axial
compression /
radial
compression /
dry self/
manufacturer
15-20 pm €250/kg

Slurry / axial
compression /
radial
compression /
dry self/
manufacturer
300-500 pm
€10/kg

Design and control

2.2.5.1 Design Requirements

A chromatography system is fundamentally the same whether it is for
analytical, small-scale preparative or process use. The basic components
are common [Mann, 1991] and consist of:
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the stationary' phase or matrix;
the column to contain the matrix;
a pump to push mobile phase through the column;
analytical tools on the column outlet;
control / data collection.

The particular use for a chromatography system will influence the relative
importance and requirements of the individual components.
For instance, analytical systems where the objective is to identify
components in the sample have to be able to accommodate highly
efficient columns containing minute particle packings with small sample
loadings. Here, minimal volume in pipework, valves and detector cells are
required and a large emphasis is placed on data handling. There is no
requirement for fraction collection.
In contrast, preparative systems, where the objective is to obtain purified
components of the sample, must have fraction collection. However,
preparative systems still vary in their requirements depending on their use.
In process development where the system may be used in the
investigation and development of many different purification problems,
flexibility is paramount with the ability to operate with different media,
solvents, and column requirements.
In production, where a system is dedicated to a single use, as this project
will be, this flexibility will not be overly important and reliability will be the
major concern.
2.2.5.2 System requirements

To assist in designing a system, it needs to meet a number of
requirements [Mann, 1991]:
function;
material compatibility;
pressure;
electrical;
hygiene;
control;
reliability;
serviceability.
2.2.5.3 Component selection
2.2.5.3.1

Columns

The objective of the column is to not only contain the matrix but also, allow
it to be packed homogeneously and provide uniform flow throughout the
whole cross-sectional area of the bed. This will ensure maximum capacity
in the unit.
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!n analytical columns a single inlet and outlet is made to the column with
the packed bed contained between two meshes or sintered frits. When the
sample is injected into the column through a single inlet port, some radial
dispersion may occur in the frit, but often the column behaves in the
infinite-diameter mode. This is where the sample enters as a single-point
injection, which, as it flows through the packed bed, disperses radially but
may not contact the wall before exiting through the bottom frit. This can be
beneficial in analytical columns as the failure to contact the walls negates
any peak broadening due to the different flow profile existing between the
bed and the column wall, compared to that within the bed. This results in
sharper peaks [Mann, 1991].
From a preparative perspective, this type of flow profile is not so desirable
as it reduces the effective capacity of the column. In this case, it is more
important to ensure use of the complete bed so it is necessary to ensure
uniform presentation of the sample across the whole cross-sectional area
of the column. Although this will result in some peak broadening, due to
the wall effect, this is reduced as the column diameter increases [Mann,
1991].
Several designs have been used to assist radial dispersion. The simplest
of these consists of a single inlet / outlet port with a coarse mesh
interspersed between the end cell and a finer mesh retaining the bed. The
coarse mesh acts to provide channels for radial distribution. On larger
diameter columns, several inlet/outlet ports manifolded together will
enhance this approach.
Selection of the column depends on the type of matrix used and the
pressure and solvent requirements. For low-pressure chromatography (1-5
bar), there are commercially available columns, constructed of plastic,
glass or stainless steel, ranging in size from laboratory scales up to 2m in
diameter (glass maximum 1m). Glass and transparent plastic columns
permit visual inspection of the packed bed and may be considered
advantageous for both packing and running. Glass columns may be seen
as not being robust enough for industrial use, while plastic columns may
not have the required solvent compatibility. In addition, high
concentrations of halide ions can attack stainless steel.
In general, low-pressure columns are packed by pouring the matrix gel
slurry into the column and either letting it settle under gravity, or by flowing
mobile phase through the column to settle the bed. This may require the
use of a column extension tube or filler tube during packing, which is
removed once the bed is settled. The use of columns with adjustable end
cells greatly facilitates this operation, as it means that accurate
measurement of the gel volume is unnecessary, as is the case with a
fixed-volume column. In addition, if any further settling occurs during
running, adjustment can be made to take up any void.
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Process HPLC columns are invariably made of stainless steel because of
the high pressures involved [Mann, 1991]. In addition, the more difficult
packing of the smaller HPLC matrices, compared to larger particle
materials, results in these columns usually being associated with ancillary
packing / unpacking equipment. The most widely used technique is that of
axial compression, although alternative approaches such as radial
compression have been used.
In axial compression the slurry is introduced into the column and then
compressed, expelling the excess solvent. In small-diameter columns the
bed may be stable for many runs but in larger diameter columns (>75mm),
particularly with spherical matrices, the bed may settle further, giving rise
to voids and loss of efficiency [Mann, 1991]. Settling of the bed can also
lead to high-pressure drop if the particles are compressed too much. In
these cases the use of equipment offering constant bed compression will
alleviate this problem, as the end cell will automatically adjust to take up
any voids. This explains why smaller diameter columns sometimes give
less pressure drop across the column as the wall provides support to the
resin.
2.2.5.3.2

Pumps

There are a number of pump types from which to select, including:
peristaltic (standard for pilot plant trials on chromatography);
centrifugal;
gear;
lobe;
plunger;
diaphragm.
Flowrate must be stable and reliable over the entire range and outlet
pressure must be sufficient. For this reason, positive displacement pumps
are to be preferred, particularly at high pressure. However, on large
flowrate systems (10-20 1/min) centrifugal, gear or lobe pumps offer
significant cost advantages over diaphragm pumps. Under such
circumstances, the non-linear flow characteristics can be overcome by
having automatic control of the pump via a flowmeter feedback.
One disadvantage of positive displacement pumps is pulsation of the
pump output. It is undesirable for this to reach the column, as it can cause
disturbance and loss of efficiency of the packed bed. For low-pressure
systems, appropriately sized bubble traps, placed on the outlet of the
pump, can act as pulsation dampeners. High-pressure systems require a
specific pulsation dampener. This was an important factor in operating the
CSEP pilot rig.
Some proteins can be damaged by shear, and although the
chromatography process usually employs a single pass, in contrast to a
unit operation like ultra filtration, it may nevertheless be desirable to select
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low-shear pumps. Lobe and peristaltic pumps have lower shear
characteristics when compared to centrifugal or gear pumps. The
evidence so far is that shearing pumps do not damage the betaine
molecule. The effluent passes through all manner of pumps and sources
of shear with little or no loss, so it is safe to assume shear does not
damage betaine.
Peristaltic pumps were used during the project, as they were best suited to
the small flowrates required. Another advantage is that peristaltic pumps
have an approximately linear flow curve. This greatly speeded up
changing conditions on the CSEP pilot rig.
2.2.5.3.3

Valves

Where possible, multiport valves are preferred as they minimise dead
volumes. Ball valves are well suited to this application, especially the use
of three-way valves for fraction collection and four-way valves for filter and
column bypass. However, sanitary aspects may dictate that only
diaphragm valves are used. In this case, two-way valves will need to be
manifolded together to provide the same function. Careful attention must
be paid, however, to minimising dead volume and orientating the valves to
ensure free drainage. High-pressure systems invariably use ball valves, as
diaphragm valves are limited in pressure capability.
2.2.5.3.4

Bubble traps / air sensors

Bubble traps, besides acting as pulsation dampeners, also serve an
important role in protecting the column from air inclusion. Air entering a
column packed with resin will cause it to dry out causing cracking in the
bed and serious flow irregularities. Even if the air is subsequently pumped
out of the column the matrix will not revert properly and the column must
be unpacked, the matrix properly reslurried, wetted and then repacked.
The bubble trap removes small amounts of air that may be introduced
during connection and disconnection of buffer lines, etc. As an added
precaution, it is usual to fit an air sensor after the bubble trap, which will
alarm and shut down the system should the bubble trap fail to trap air or
become empty of liquid. In this project, air in the resin columns was found
to be very troublesome so all steps necessary to prevent air within the
columns should be taken.
2.2.5.3.5

Filters

All solutions being passed through the system must be free of particulate
matter. Its accumulation leads to clogging of the column bed or bed
support, resulting in high backpressure and non-uniform flow. Filters can
be incorporated either in the chromatography system or in solutions pre
filtered. If filters are incorporated, it is usual to employ separate filters for
the sample and mobile phases. Filtration should ideally be down to 0.22
pm to help prevent bacterial contamination.
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Liquid filters may also act as air traps. If filters are incorporated, maximum
economy of filter replacement requires that differential pressure monitoring
be installed to indicate plugging of the filter. Filters were required for this
project as the process water contained colloidal iron compounds.
2.2.5.3.6

Pressure

Pressure sensors should be used to
system but also to alarm or initiate
rises due to filter or column plugging,
connection. This would be important
plant.
2.2.5.3.7

monitor not only the pressure of the
control, if for instance the pressure
or the pressure drops due to a failed
for a large-scale automated process

pH / Conductivity

pH and conductivity detectors are used, not only for monitoring conditions
during the chromatography run, but also for automating regeneration,
cleaning and equilibration steps. pH electrodes are particularly sensitive to
fouling. Although double-reference-electrode self-checking systems are
available they are not very compact and result in large internal-volume
flow cells. Single-electrode systems are, therefore, most commonly used
but these must have provision for easy removal of the electrode for
cleaning, calibration and replacement.
Conductivity sensors are either of the contacting type or the induction
type, which work on the principle of the solution coupling the magnetic
field of two magnetically isolated induction coils and has the advantage of
not having electrodes, therefore, there is no polarisation and decrease in
performance owing to formation of deposits. The disadvantages are that
these units are currently available in sizes that require relatively large
hold-up volume fittings.
Sensors are important on the process scale because the pH (or
conductivity) of the streams can inform the observer when the columns
require regeneration, act as in-line analytical tools or inform the
chromatographer when the column resin has been regenerated during
regeneration cycles.
2.3

Simulated Moving Bed (SMB)

2.3.1

Description and Introduction

SMB chromatography has attracted considerable attention in the last few
years. Many expect it to modify considerably the landscape of industrial
separations/purifications in the near future. It is a continuous process as
opposed to the other implementations of chromatography for large-scale
separations, e.g. overloaded elution, gradient elution and displacement
chromatography, which are batch processes.
SMB should not be taken as a new super-separation process because the
process uses the same solid and liquid phases, if not the same columns
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as the conventional chromatographic processes. It may be able to bring
better than incremental progress but not revolutionary changes.
Before SMB, there was work on actual moving beds. These were called
True Moving Beds (TMB). The true moving bed system has some obvious
drawbacks associated with the need to move the solid phase. Attrition
causes the build-up of fine particles, which have to be eliminated while
fresh solid phase is introduced as a replacement. Eddy dispersion of both
phases and mass transfer between the two phases causes a poor
apparent efficiency of the column packing. Also, moving large masses of
solid and liquid is energy intensive and impractical on the large scale.
In an attempt to overcome these obstacles, moving-column systems were
developed. However, as noticed with the CSEP, this approach suffers
from the considerable difficulties encountered in achieving a reliable
sealing between the static ports and the moving columns. Finally, SMB
solved all these problems by sequentially switching the inlet and outlet
ports in the direction of the fluid flow while keeping the solid phase
stationary, in conventional packed columns. The periodic switching
simulates a movement of the solid phase by leaps and effectively
simulates the counter current movement of the solid phase required for
continuous operation. SMB was first invented by Broughton, patented in
1961 and published in 1970.
Although SMB, now 40 years old, is not a recent invention, it has remained
a relatively unknown process. UOP, its inventor, owner of the key patents
covering the principal critical details of its implementation, had little interest
in publishing details about it. Academics had rarely the motivation, interest
and opportunity to design, build and operate a laboratory-scale SMB unit.
The process remained semi-confidential for a long time until it came to the
attention of the pharmaceutical industry in the early 1990s. SMB proved
very useful in separating racemic mixtures, which is its primary use within
the pharmaceutical industry.
2.3.2

Application of theory

Understanding the concept of SMB, (simulated moving bed) is easy, the
detailed mathematics behind it less so. This section will be given over to
explaining the concept. The pictures are based upon product literature
from Calgon Carbon, the manufacturers and vendors of the CSEP unit
used throughout this project.
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Figure 3: SMB step 1
This shows the resin “movement”. The resin can be imagined as a
sticky conveyor. Moving the columns at a constant step-time
simulates the “movement”. The step-time is important because it
decides the resin “flowrate”.

The eluant flows in the opposite direction to the effective resin
flowrate. Now there are two competing flowrates moving in opposite
directions.
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Figure 5: SMB step 3
Two components are injected (sorbate and waste). Both interact
with the sorbent (resin) and eluant.

☆
A

☆

= Sorbate

= Waste

☆

Figure 6: SMB step 4
To achieve separation, one component wll have a stronger affinity
for the resin than the eluant (betaine) and the other will have a
stronger affinity for the eluant than the resin (impurities).
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Figure 7: SMB step 5
•

Changing the step-time can vary the resin “flowrate”. It must not be
too high, otherwise all components will move with the resin and
product recovery will be poor. If the resin “flowrate” is set too low,
every thing will be carried in the eluant. Product purity will be low.
The step time is the measure of time between resin rotations.

2.4

Betaine Literature

2.4.1

Introduction

It was difficult to locate useful information regarding betaine because a
limited number of companies produce betaine and they are somewhat
protective of their markets. A complete MSDS could not be found in the
public domain. However, a rough draft MSDS on betaine was found by the
staff of the Clean Technology Centre on www.fisherl .com (See Appendix I
for details).
All the relevant information on betaine is presented in this section.
2.4.2

Uses & chemical behaviour

Betaine is the anhydride of carboxymethyltrimethyl ammonium hydroxide
with the formula: C5H11NO2 and is a methylated derivative of glycine and
occurs in sugar beets. It crystallises with one molecule of water. The
betaine content in sugar beet varies from year to year, and with the district
of growth. It is the most abundant nitrogenous compound found in
molasses. It is found in most living organisms but is concentrated to high
levels in sugar beet [McGinnis, 1971], broccoli and spinach [Anonymous 2,
2001]. Another chemical name for betaine is trimethylglycine [Anonymous
3, 2001].
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Betaine is a nitrogenous base. The defining characteristic of a nitrogenous
base is the trimethylamino group, >N^(CH3)3, which give these bases their
basic characteristics. Chemically, it exists either with an open or internally
linked structural form. The three most prominent nitrogenous bases are
betaine, choline and allantoin.
It is noteworthy that betaine is present in much larger amounts in the
members of the beet family, the chenopodiacae, than in any other plants.
The metabolic function of betaine in beet is unknown. There is also more
betaine present in beets, which are low in sugar. Betaine is also present in
significant quantities in fish and legumes (plants that have seeds in a pod,
such as the bean or pea).
It is remarkable in its resistance to destruction under extreme chemical
conditions, and it passes unchanged through both sugar refining and citric
acid processes. While betaine is assimilated in the digestive tracts of
ruminants, it is mostly excreted, unaltered. In a 1970 publication, it was
noted that “betaine has defied all efforts to find an important economic
use” [McGinnis, 1971]. In the thirty years since, betaine has come to be
viewed differently as the sugar and related industries have attempted to
find uses for it as modern thinking moves towards minimum waste.
Betaine is mainly used in animal feed. It is often used as a substitute or
additive for choline and methionine supplements. Poultry and fish are the
usual subjects for such a diet but it has also undergone trials in pigs.
There is ongoing research to investigate the possibility that betaine might
be able to reduce or reverse liver damage caused by liver disease
[Anonymous 1, 2001] or alcohol [Anonymous 2, 2000]. This work has
passed the theoretical stage and is undergoing clinical trials.
The main producers of betaine in Europe are Finnsugar: a joint company
owned by Danisco (80%) and Lannen Tehtaat (20%) [Anonymous 3,
2000]. They also hold most of the existing patents on betaine
manufacture. Their product is sold under the trade name Betafin. They
have not been slow to use legal action to protect their betaine markets, as
evidenced by their patent infringement action brought against
Amalgamated Research Inc, an American company [Anonymous 4, 2000].
In fact, they were reluctant to give ADM a quote for their betaine and
insisted on knowing more about the company. Informing them that ADM
use molasses as their raw material would have given rise to patent
problems. Efforts were made to try and purchase the betaine through the
CIT but Finnsugar were equally suspicious of what uses the CIT might be
making of Betafin, so they refused to sell any betaine to CIT.
Betaine is potentially useful because it is a natural food supplement and
the current trend within the EL) is to use natural food supplements in
preference to synthesised supplements. Currently, a 25-kg bag of
technical grade betaine can be bought for € 1050 [Corcoran, 2000].
Scaling this up, betaine has a market value of approximately € 41,500 per
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tonne. This price would certainly decrease considerably if betaine were to
be produced by ADM Ringaskiddy on a large scale due to increased
supply. An important objective for ADM would be to create new markets
for betaine to increase demand for what would otherwise be a flooded
market.
2.4.2.1 Chemistry

Chemically, betaine has an amine structure but it is not an amino acid. Its
structure is shown in Figure 8.

CH

CH

CH.

COO

CH
Figure 8: Betaine structure
As can be seen, its chemical structure is analogous to pentanoic acid, with
a nitrogen atom taking the place of the number 2-carbon atom. One of the
nitrogen - methyl group bonds is unstable so betaine has a tendency to
lose one of its methyl groups. This makes it an ideal methyl donor.
Compounds that donate methyl groups are known as methylators and the
process is known as methylation. The structure is mostly found in the open
form as above. However, it is stable in a closed form with the final oxygen
ion bonding back onto the nitrogen ion.
Betaine monohydrate can be prepared from its hydrochloride by removing
the hydrochloride with anion-exchange resins, by or extraction in hot
alcohol after neutralisation. However, betaine monohydrate and anhydride
are hygroscopic and betaine is therefore best stored as the hydrochloride
[McGinnis, 1971].
2.4.2.2 Human health

Methylation lowers homocysteine levels in the blood. The latest thinking is
that homocysteine, much more than cholesterol is at the root of
cardiovascular disease such as atherosclerosis and heart attacks
[Anonymous 2, 2001]. When betaine donates a methyl group to
homocysteine, it creates methionine, an amino acid, and SAdenosylmethionine. Vitamins Be & B12 have a similar effect. Elevated
total plasma homocysteine concentrations are considered a risk factor for
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giving birth to a child with a neural tube defect for pregnant women
[Brouwer & Urgert, 2000].
Cystadane is the brand name for anhydrous betaine. As a health
supplement, betaine is rarely sold as “Betaine”. This drug is prescribed to
reduce dangerously high blood levels of the naturally occurring amino acid
homocysteine [Anonymous, 1999]. Excessive levels of homocysteine can
lead to formation of clots within blood vessels, brittle bones (osteoporosis),
other bone abnormalities and dislocation of the lens of the eye
[Anonymous, 1999]. Betaine supplementation is not recommended for
people with low to normal homocysteine levels as it only decreases high
concentrations and has little effect on healthy people [Anonymous 5, 2000;
Brouwer & Urgert, 2000]. The primary function of betaine as a nutritional
supplement is in supporting proper liver function and possibly reducing the
risk of urinary tract infections [Anonymous 5, 2000].
When homocysteine levels are so high that the substance appears in the
urine, the condition is known as homocystinura. The problem is usually the
result of an inherited lack of the enzymes needed to process
homocysteine. It generally shows up within the first months or years of life.
Early signs of homocystinura are in delays in development, failure to
thrive, seizures and sluggishness [Anonymous, 1999].
Betaine is an obligatory intermediate in the metabolism of choline and has
potential lipotropic effects (processes lipids) [Ignacio et al, 2001]. In
addition, it is an osmotically active organic solute and accumulates in
tissues under water-stress or salt-stress. Simply put, cell membranes are
put under stress with lack of water. This can result in the destruction of cell
membranes. Betaine helps the cell to maintain enough water and
therefore prevents cell degradation. As a feed additive, betaine is
associated with decreased lipid decomposition and altered protein
utilisation in finishing pigs. It has been suggested that the positive effects
of betaine on growth and carcass composition may be greater in energyrestricted pigs. Betaine has been reported to increase carcass leanness
and to enhance swine efficiency [Anonymous 3, 2001].
Possible side effects from excess intake of betaine may include diarrhoea,
nausea, odour, stomach and intestinal problems and possible mental
changes [Anonymous, 1999]. Very little study has been undertaken in this
area but no side effects or interactions with conventional medications have
been reported at normal doses [Anonymous 6, 2000; Anonymous 2,
2001]. There are no known allergies to this drug. No PELs (Permitted
Exposure Limits) or OELs (Occupational Exposure Limits) appear to have
been set for Cystadane (or betaine).
Big Chief Betaine is a product of the Monitor Sugar Company in the US
and they make the following claims. “Big Chief Betaine is used in poultry,
turkey and swine feeds. It functions as an osmoprotector and increases
gut elasticity to prevent rupturing during processing. For plants. Big Chief
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Betaine reduces the freezing point when applied to the leaves of the plant
and functions as an osmoprotector during periods of osmotic stress”, for
example drought conditions [Anonymous 4, 2001]. The American Society
of Plant Physiologists state that betaine “protects turfgrass from frost
damage” [Einset, 2001].
A dose of 500 to 1,000 mg per day is recommended for general
cardiovascular health of people but in the cases of inherited
homocystinura or premature vascular disease, the dose should be
increased to 6 g per day [Anonymous 1,2001].
Betaine is often referred to as a “lipotropic factor” because of its ability to
help the liver process fats (lipids). In animal studies, betaine
supplementation has been shown to protect against chemical damage to
the liver [Anonymous 5, 2000]. The first stage of liver damage because of
alcohol is the accumulation of fat in the liver (alcohol-induced fatty liver
disease). Betaine, because of its lipotropic effects, has demonstrated
significant benefits for this condition in animal models and human clinical
studies [Anonymous 2, 2001] but the popularity of betaine for alcoholrelated liver disease has been supplanted by SAMe (SAdenosylmethionine) and milk thistle extract. However, it has recently
been suggested that betaine may be a more cost-effective method as a
first-step therapy for alcohol-induced fatty-liver disease [Anonymous 5,
2000].

Betaine is also showing promise as a toothpaste ingredient, as it has been
shown to produce significant relief of dry mouth [Anonymous 5, 2000],
Betaine is most widely available as betaine hydrochloride (Betaine HCL),
but that form is used primarily as a source of hydrochloric acid for
individuals with hypchlorhydria (low stomach acid) [Anonymous 5, 2000].
The forms used specifically to provide betaine are betaine citrate and
betaine aspartate.
After methylation, trimethylglycine becomes dimethylglycine, which is used
extensively as an athletic performance enhancement supplement in
Russia [Anonymous 5, 2001]. Despite the ethical issues, this is another
potential use for betaine.
2.4.3

Betaine Manufacture

The standard method of producing betaine is through process-scale ionexchange chromatography. The reason no other standard process is
reported (in published literature) is addressed in section S.5.1.
Vinasse is the waste from any molasses process concentrated
approximately ten times. The strong effluent from ADM’s citric acid
process is a weaker form of vinasse. In a betaine separation from vinasse,
the solution must be divided into two fractions: betaine and impurities.
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While a batch process using ion-exchange resins easily separates small
volumes of two-component mixtures, this is less than ideal for large
volumes of feed. One way to circumvent this problem is to use a
“simulated moving bed”. This means the resin moves relative to the liquid
flow. If the resin is “moved” at the right velocity, the components will form
“standing waves” inside the columns. This means stationary zones can be
identified. Over a constant period, each individual column should have the
same average concentration profile from cycle to cycle. If betaine is
extracted from molasses, then three outlet streams will be produced:
sugar, betaine and ash. Indeed this process is often used in the sugar
industry, to extract further sugar from molasses. Betaine is only a by
product in this case. However, it should provide an extra source of income
due to its far higher value.
Simulated moving bed technology, the approach used in this investigation
was discussed in Section 2.3
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Chapter Three
Laboratory analysis
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3.1

Introduction
In any project of this type, work is divided into two types:
• carrying out tests and collecting data;
• analysis and making conclusions based upon the results of such
analysis.
There is no point in making conclusions and recommendations if the
original testing was not carried out in the proper manner. For that reason,
a clear and concise procedure for each test must be adhered to. This
Chapter is meant to be brief and reference should be made to the actual
procedures in Appendix II. The importance of each test and the various
difficulties encountered along with possible sources of error will be
discussed.

3.2

Dry solids analysis
Whenever a CSEP (Chromatographic SEParator pilot rig) sample was
produced, it was only partially useful to know how much betaine was
present in each sample. To help quantify separation, it was also necessary
to know the amount of impurities present in the samples. This test was
quite simple to carry out and the chances of large error were quite small.
The two main sources of error were:
• pipetting an incorrect volume into the aluminium tray;
• contamination, for example, a spillage onto a prepared tray.
These occurrences were rare and if ever the figures looked dubious, there
was usually enough sample liquid to repeat the test. Contamination of a
prepared tray usually happened when the drying oven was being used by
QC lab technicians (drying cleaned sieve trays) while carrying out their
own work. This problem was avoided by having a separate oven solely for
the betaine project use.
Pipetting the correct volume into the aluminium tray was simply a matter of
technique and care. There may have been some error but it would be
minimal compared to the volume pipetted (5 ml) due to the shape of the
pipette. An estimate of potential error would be less than 1%.
Calculating the purity of any betaine sample was simply a matter of
dividing the betaine concentration (g/l) by the overall dry solids
concentration (g/l). This will give percentage purity by mass. The dry solids
composition consists of both betaine and the impurities. If the impurities
concentration was desired, simply subtract the betaine concentration from
the dry solids concentration.
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The dry solids concentration could, with experience, be used to make
interim judgements on the quality of a CSEP run before full results were
available. If the dry solids content of a product sample were higher than
the waste sample then it was indicative either of a poor quality run on
CSEP or poor separation or poor recovery of betaine. See Appendix 11 for
procedure.
3.3

HPLC analysis
For this project, it was important to have a reliable and accurate analytical
tool. A method for analysis of betaine had previously been developed by
research and development in ADM Decatur so this was adapted and used
in Ringaskiddy. This was the most important analytical tool used for the
project and by far the most difficult to maintain and use. An existing HPLC
was combined with new equipment, as HPLC was the only proven way to
analyse for betaine, (see Appendix II). However, achieving successful
operation in Ringaskiddy required addressing the following areas.
The first issue was in setting up the system in the first place. A new
column and integrator were used but the injector port, pump and detector
were old. Setting up the system required a lot of assistance from the
process supervisor, as it was impossible, at first, to replicate the test
chromatograms that had been sent to us from Decatur. The mobile phase
of calcium sulphate solution was a major cause. Changing to another
mobile phase would have taken too long so it was decided to work out the
problems with the calcium sulphate mobile phase.
Calcium sulphate is not very soluble in water at room temperature. It is
also inversely soluble; that is, it becomes less soluble with increasing
solution temperature. The HPLC column was maintained at a constant
temperature of 80°C. This meant the mobile phase, which was already
close to saturation at room temperature formed crystals in the column. It is
general knowledge that HPLC columns work better at as high a
temperature as possible. This meant operating as near to the maximum
allowable temperature for the column as possible. The solution to this
problem was to operate with a reduced concentration of calcium sulphate
in the mobile phase to prevent crystals forming in the column. Some loss
of resolution was noticed but the working life of the HPLC columns was
greatly increased. A filter was also installed on the inlet to the pump. This
was to filter out any dust or foreign particles present in the mobile phase.
This water was also re-filtered before use, sometimes as much as every
day if the HPLC system was being used intensively. A diagram of this
system is shown in Figure 9.
The HPLC system proved to be unreliable and there was a lot of downtime
associated with repairing or upgrading older components of the system. It
was one of the major “bottlenecks” in the project. If samples could not be
analysed then there was the option of sending them to ADM technicians in
the US in the hope that they would have some free time to carry out the
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extra work. The alternative was refrigerating/freezing the samples to
prevent decomposition and analysing those samples later. This was
problematic with only one person operating the CSEP and analysing the
samples at the same time while also doing research. When a new studenttechnician joined ADM, he carried out a large portion of the analytical
work, freeing up resources for work on CSEP.
Maintenance for the system was difficult because most companies who
use HPLC have large service contracts and the most up-to-date
equipment. The trend nowadays is for the whole HPLC system to be
contained with one “box”, which is a fully automated piece of equipment
requiring very little work by the analytical chemist. When a breakdown in
the system occurs, then a repair technician must be called. ADM’s system
has the advantage that it can be repaired and maintained by ADM staff
except for some of the more technical aspects of calibrating the detector, if
ADM move forward with the betaine project then they will probably need to
maintain this HPLC system and possibly employ a full-time technician, as
it is a “time intensive” piece of equipment to use and maintain. It is likely
that ADM will only ever need the one HPLC system so a “box” system
might be a good investment.
The system was in heavy use after June 2000 and the component parts of
the system were upgraded item-by-item. The detector was the last part to
be upgraded so now no “old” items are present.

Figure 9: HPLC system
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3.4

Crystallisation
A final year student in Chemical Engineering (CIT) carried out much work
on the crystallisation of betaine from a pure solution for his final year final
year experimental project. The solubility of betaine in water was found to
be around 800 g/l. This is somewhat similar to the solubility of citric acid in
water.
Some preliminary work was carried out on the crystallisation of betaine
from an impure solution. Time was a constraint here and the work was
only of a very preliminary nature. Progress was impeded by the lack of
equipment to evaporate large amounts of water quickly and concentrating
a dilute betaine solution (<10g/l) up to a saturated solution required more
CSEP runs than time allowed for.
At a betaine concentration of 650 g/l, crystals precipitated out of solution
and formed a sticky mass. Using HPLC and dry solids analysis the
solution was found to be over 80% pure betaine but the impurities
prevented crystallisation as they precipitated before betaine. The solution
needed to be purer before betaine could be obtained in a crystalline form.
This has implications for future work on this project. To obtain purity of
higher than 80% betaine would require the use of two separating units.
The first unit would carry out the bulk of the separation while maintaining
recovery and the second unit would further refine betaine purity possibly at
the cost of some recovery.

3.5

Hazen testing
HPLC analysis was unable to continue whenever the HPLC was
inoperable and this had an impact upon the number and quality of CSEP
runs that could be carried out. In May and June 2001, CSEP runs
continued despite the inoperable HPLC equipment and samples were
building up in the fridge. Because of this, the feasibility of carrying out
interim analyses on CSEP product samples was studied.
It has long been noted that the colour of a CSEP product often gave a
good preliminary indication as to whether it was of a good purity or not.
Hazen testing is a very simple but rather subjective test and the same test
carried out by two different people can produce different results. It was
found that good product-sample colour is usually a sign of high purity
(70%+) but assigning a value to the betaine concentration and purity is
best determined by analysis with HPLC and dry solids testing. Product
samples with purities from 60% to 80% can look quite similar so hazen
testing should only be used as a guide. The student-technician carried out
the hazen tests.
The test itself involves comparing the colour of samples to charts with
various shades of that colour and a value assigned to each “shade”. Due
to the basic nature of this test, a procedure has not been supplied in the
appendices.
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Chapter Four
Pilot rig
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4.1

Description and introduction
The pilot rig used for the betaine project is a simulated moving bed
chromatographic separator called CSEP (Chromatographic SEParator)
manufactured by Advanced Separation Technologies (AST) based in
Florida. Calgon Carbon, whose European arm is Chemviron Carbon, have
since acquired AST. ADM Ringaskiddy acquired the CSEP from their
research division in ADM Decatur, Illinois.
From research it was found that chromatography is the standard method
of separating betaine from molasses or molasses-derived wastes in the
industry today. Section 6.3 covers other possible separation methods and
discusses why chromatography was selected as a separation method.
The CSEP was a difficult piece of equipment to use and very often, similar
operating conditions gave varying results. Basing conclusions on a small
number of CSEP runs would not be the best approach to good,
scientifically solid conclusions. Sometimes, five years or more are required
to gather the data required for designing a full-scale process [Wankat,
1986]. A typical M.Sc. is of 21 months duration. This project had fifteen
months actual experimental work. The full experimental design
programme will be described in Section 4.4.

Eluant
(manipulated)

Feed
(manipulated)

Product
(manipulated)

Waste (not directly
manipulated)

Figure 10: CSEP block diagram

At times, no CSEP runs were possible due to various mechanical
problems. Few, if any, runs were completed in the periods Feb 2000 to
May 2000, August 2000 and January 2001 to March 2001. These
downtimes were usually caused by problems with the resin. However, the
rotating valve head was another problematic area due to the friction
caused between the two moving and contacting faces.
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The CSEP was made up of a “box” of 12 identical columns arranged in a
circle around a vertical rotating shaft. When the shaft turned, all twelve
columns turned. The “box” is 150 cm feet tall and 60cm in width and
depth. An electronic timer connected to the shaft motor controlled the
turning of the shaft. The shaft only turns 30° after each period. This period
can be changed on the timer box.

Figure 11: A picture of a large-scale outdoor CSEP unit
Figure 11 was obtained from an EPA presentation on treatment of
perchlorate contamination in drinking water supplies. The columns can
easily be seen without the associated tubing attached. The valve head can
be seen above the third column from the right. This is shown more clearly
in Figure 12, which is a close up of the above picture.

Page 43

-igure 12: A close up picture of a large-scale outdoor CSEP unit
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Figure 13: CSEP column flows
Eluant = water
Feed = calcium citrate waste
Product = betaine rich stream
Waste = betaine lean stream
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The heart of the CSEP is the patented valve head. This allows for flows
into twelve columns in a variety of flow patterns. It can be set up for
parallel flow, series flow or individual flow. For this project, the twelve
columns were linked in series flow. The movement of the columns at the
end of a step time caused all the columns to move back into the place of
the column before it. This is how a simulated moving bed of resin was
achieved. Setting up the valve head is a rather exacting task and it
becomes clogged with particulates quite easily. Most of the time, a
caustic wash cleans out the valve ports as well as regenerating the resin.
In extreme cases, an acid wash could be used to clean the head but the
effect of this on the resin must be taken into consideration. In theory, a
caustic wash will regenerate the resin. The acid wash was used at an
early stage of the project but the resin did not work afterwards so it was
not used again.
The valve has two types of portholes: face portholes and outer portholes.
The face portholes are in direct contact as they are the holes of the
opposing faces of the valve heads. Small lengths of Teflon tubing connect
the outer portholes to each other. The holes are 1/16*^ of an inch in
diameter.
The seal between the valve faces wore away over time and needed to be
replaced during the project. If a resin particle is trapped between the valve
head faces, it can cut a groove between the face portholes. This could
have serious consequences if the groove crosses any of the face
portholes carrying flow. Cross-contamination between streams is the likely
result because flow would not go directly from one porthole to another but
rather to a number of portholes at once. The valve head faces are usually
made of Teflon and need to be tensioned together properly. If they are
forced together with too much force, premature wear will be the result. If
they are not tensioned enough, leaks are probable. The key is to achieve
the correct amount of tension. Instructions on this were found in the
operation manual. For various reasons, blockages always occur in the
valve head and associated tubing. Prevention only goes so far so it is best
to be prepared and informed about the maintenance procedure. Figure 13
is a diagram of the valve head. The top half of the valve remains stationary
while the bottom half moves with the columns as the step time changes.
Also apparent are the outer ports for tubing. These need to be lined up
exactly with each other. The bottom port on the top face must line up to
the top port on the bottom face. If these are lined up correctly then the
face portholes will also be lined up.
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After long periods of regular and sustained operation, the resin within the
columns tended to become tightly packed and this was seen from old resin
samples that were found packed in a large conglomerate mass. Obviously,
increased pressure drops across columns were the result of such packing.
Conversely, reduced pressure drops could be the result if channels were
formed when the remainder of the bed proved impermeable to liquid flow.
Instead of passing through the resin, the liquid flow would pass between
the column wall and the resin. Obviously, this led to poor separation and
was difficult to diagnose.
Another problem was caused when the resin escaped out of the columns
and caused blockages in the tubing or valve head. This happened if the
retaining meshes at the ends of each column were not inserted properly. It
was found that the retaining meshes were not reliable so it became
standard practice to fit glass wool in the space next to the mesh to act as
an entrainer against resin breakout. Glass wool compacts easily, so too
much would increase the risk of settling within the column.
Calcium citrate waste contains insoluble calcium citrate crystals and these
have the potential to cause problems if they are pumped from the feed
tank onto the column. This problem was avoided by allowing the strong
effluent to settle for ten minutes as the calcium citrate crystals settle very
quickly. On a process scale, ADM might like to consider using a similar
process to recover the microcrystalline calcium citrate. It would boost their
citric acid yield and remove solids from any prospective chromatography
separation process. Of course, it would have to be reprocessed to achieve
the correct particle size.
The light fork sensor was another source of operational problems. This is
meant to regulate the movement of the valve head. It is so called because
of its shape, which is somewhat similar to that of a tuning fork. A
replacement light fork was made up from the parts of the old fork. The

Page 46

replacement was considerably more robust than the original. A new light
fork was purchased from Calgon Carbon as a precaution.
Being of a relatively small particle size, the resin tended to cause severe
pressure drop if not treated correctly at all times. The following points
cover the most important issues.
• If the resin is not packed carefully in the first place, channelling or
blockages are very likely to occur.
• It is important to keep liquid flowing through the resin at all times.
Stopping the flow through any of the columns for even a short period of
time could result in the resin setting into a cement-like gel through
which flow cannot pass. This was discovered when two of the pumps
were removed in February 2000 for other work on-site in ADM. Despite
using one pump to keep flow moving through the columns, the resin
was unusable when the other pumps were returned.
• As a rule, if two resins of different particle size diameter give similar or
only slightly different separation of betaine from the impurities, then it is
better to use the resin with larger particle size beads. Lower pressure
drop and easier maintenance are more important than marginally
superior top-end separation. Fifteen months of work on CSEP led to
this conclusion.
Obviously, closer contact with resin vendors will be required in future. The
advice given in the product literature is to prevent the resin from freezing,
which causes the resin particles to crack. This was the advice given by Dr.
Ahmad Hilaly, ADM Decatur, the Mitsubishi resin vendors and Mitsubishi
themselves. According to the manufacturers, moderately high
temperatures should not have an adverse affect on the resin but John
O’Regan (Envirotech) stated that high temperatures cause the resin to
become sticky and “gum” together. This would explain the properties of
the resin after prolonged use. The temperatures inside the CSEP were 4550°C. Upon emptying the columns it was found that the resin would not
flow under gravity and had to be forced out under pressure.
Another factor mentioned by John O’Regan was that chlorine tends to
damage resins in the same way as overheating. Process water was used,
which came from the mains, and chlorine is present in the ppm range, as
with all drinking water. The effects of heat and chlorine on resins need
further investigation.
Prolonging the operational life of the resin must count as the number one
objective for future work on this project. Lowering the temperature within
the CSEP was never really considered. The two reasons for this are
simple. Firstly, microbial growth flourishes at slightly lower temperatures
and lower temperatures also mean higher pressure drops across the resin
bed. The reason for this is unclear but it was decided to trade shorter resin
lifespan, for lower pressure drop, as high pressure-drop meant that no
runs would be possible. Running the CSEP with high pressure-drops was
not ideal as the resin becomes compressed. This ruins the packing of the
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resin and makes it clump together. Channelling or even higher pressuredrops were the probable outcomes.
Regarding packing a number of points must be remembered.
• The resin must pack naturally at a slow rate, by settling the resin in the
column full of water and tapping the side of the column to aid settling.
• Voids formed if the settling was not even and these will cause
channelling. Thus the rate of settling must be consistent.
• The packing must not be carried out under pressure. Pumping a slurry
of resin and water into the column should be avoided. This is a recipe
for serious trouble with flowrates in the columns.
• The columns were approximately 50cm long and the standard pressure
drop per column was 2.5-3 psi. Pressure drops above this were
indicative of blockages within the CSEP, valve head or tubing.
• Pressure drops of lower than 1.5 psi per column were indicative of
channelling.
It is a moot point whether high pressure within the columns during
operation would cause compressed packing in the resin bed. Perhaps
during runs, the work of packing the columns properly was undone by the
high operational backpressure.
As noted above, very low pressure-drops were a sign of channelling. The
attempts to pack the columns in the period Feb-Apr 2001 suffered from
channelling. Effectively, the CSEP operated with less resin than the 3 litres
that were in the columns. Channelling is an especially troublesome
problem because it can be difficult to recognise sometimes. At this time,
the waste stream had a higher purity of betaine than the product because
of the lack of separation. However, most of the betaine was still in the
product stream so there was no possibility of using the “waste” product as
a product. It was difficult to find anything wrong with the packing procedure
but something must have been wrong as channelling continued to be a
problem. The procedure given to us by Dr. Ahmad Hilaly was followed.
Mitsubishi, the manufacturers of the resin, later confirmed this procedure
to be correct. After two further attempts, we finally achieved a stable
system. Channelling is especially difficult to diagnose if it is present in only
one column. However, one defective column is all that is required to impair
separation over twelve columns.
4.2

Chromatography Resins
Resin types
Resins can be divided into a few major groups:
1. ion-exchange;
2. ion-exclusion;
3. hydrophobic;
4. size-exclusion;
5. reverse phase;
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6. affinity:
7. chiral separation.
This knowledge is important for deciding the type of resin chromatography
to be used. Different types have different applications.
Ion-exchange chromatography
Ion exchange is the most generally useful technique in large-scale
chromatography. This type of separation is dependent on the ionic
character of the components being passed through. If one component is
highly ionic (A) and the other not (B), then component A shall be adsorbed
preferentially onto the resin while component B shall not be adsorbed.
This means that component A spends more time on the resin itself, while
component B merely passes by the resin particles. This accounts for the
difference in elution speeds for the two components. The choice of ionexchange resins is huge. They are relatively inexpensive and optimisation
is quite easy.
Ion-exchange can be divided into two categories: anion exchange, where
the functional group has a positive charge and cation exchange where the
functional group has a negative charge. These categories can be further
divided into weak exchangers, where the net charge of the resin is
dependent upon the pH, and strong ion exchangers, where the net charge
of the resin is independent of the pH environment.
ion-exclusion chromatography
Like ion-exchange chromatography, the ionic character of the components
is the main determinant of successful separation. However, the resin
repels ionic components while non-ionic components are preferentially
adsorbed. The choice of resins is plentiful but finding a resin that can
preferentially adsorb the non-ionic components to an optimal level can be
difficult.
Hydrophobic chromatography
As the name implies, this type of separation is dependent on the water
content of the components. Hydrophobic interaction chromatography
separates proteins based on their differing relative strengths of
hydrophobic interaction with a matrix substituted with hydrophobic groups.
The capacity of these matrices is high and the volume of sample does not
limit the adsorption of protein [Goward, 1991]. Components with high
water content will travel through the column quicker than components with
lower water content. Hydrophilic resins work the other way around.
Size-exclusion chromatography (SEC)
Zeolite or gel resins are very common in this mode of separation. It is the
only form of liquid chromatography which is non-interactive. That is to say,
the resin does not interact with the sample or mobile phase. The
separation is based upon the ability of a molecule to diffuse into a porous
matrix. Obviously, small molecules will pass through the resin quicker than
Page 49

large molecules. Size-exclusion is really only useful where there is a
significant difference between the sizes of the molecules of the
components to be separated, such as with organic macromolecules and
simple organic molecules. SEC can be used to separate racemic mixtures.
It is also known as gel-filtration and gel permeation chromatography.
The matrix should be rigid, as it determines flowrate, and very porous
[Coward, 1991]. The packing must be sufficiently porous with a good pore
size distribution to be able to differentiate between molecules of different
sizes. The selectivity and resolution of this technique is lower than that
achieved with the interactive forms of chromatography. However, if the
packing material and elution conditions are optimised, it should be
possible to fractionate molecules if the difference in their hydrodynamic
volume is greater than 10% [Coward, 1991]. The method is rarely used for
large-scale fractionation. Its main use is to separate proteins from salt or
other substances.
Reverse phase chromatography
This is a very powerful chromatographic method using silica-based resins
and bonded hydrocarbon phase packings. A large number of options for
optimisation of the process exist, with variables such as carbon load, pore
size and particles size. Reversed phase chromatography is commonly
used for the separation of small molecules but the strength of the
interaction with proteins is such that the conditions required for elution
often result in loss of biological activity [Lloyd & Kennedy, 1995].
Affinity chromatography
Affinity chromatography is a method in which the target molecule is
adsorbed specifically and reversibly to a ligand immobilised on a matrix. It
is probably the most powerful of all the liquid chromatography techniques
for the purification of biological macromolecules. Ligands used for affinity
chromatography may be substrate, substrate analogue, co-factor,
antibody, inhibitor, receptor, dye or antigen. Unbound protein is washed
from the column and the target protein eluted using the mildest conditions
available. Affinity chromatography is useful in that very high resolution can
be obtained, the process time may be rapid and the overall number of
steps may be reduced.
The disadvantages are that the ligand may be expensive, unstable and
may leach from the matrix and contaminate the product [Goward, 1995].
The product has to have a high market value due to processing costs and
the derivatised matrix may be difficult to synthesise. The method is very
powerful but has not found widespread use on a large scale owing to
these disadvantages.
Chiral separation chromatography
The resolution of optical isomers and subsequent fractionation of the
biologically active isomer from its enantiomer, which may be inactive.
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inhibit biological activity or indeed in some cases may even be toxic, is
essential for pharmaceutical grade preparations [Lloyd & Kennedy, 1995].
Classical methods of optical resolution, such as recrystallisation of
diastereomeric salts, can readily be performed on the large scale but such
methods are rarely suitable for industrial scale-up [White, 1991]. For this
reason, it is easy to appreciate the advantages of chromatographic
separations for large-scale enantioseparations.
4.2.1

Choice of resin

Table 6 lists resins and their suitability for use with this particular project,
which summarises the above information.
Table 6: Comparison of resin types
Resin type
Pros
Cons
Ion-exchange
• Components
in
• Least
powerful
separation of all the
process stream are
ionic
resins
• Inexpensive
• Lots of choice
Ion-exclusion
• Components
in
• Not as much choice
process stream are
• More expensive
ionic
Hydrophobic
• None
• None
of
the
molecules involved
contain water
Size-exclusion
• None
• No
large
size
difference between
molecules
Reverse phase
• Not suited to large
• None
scale processes
• Expensive
• Potential effect on
betaine molecule
Affinity
• Could
selectively
• Very expensive
adsorb betaine
• Unstable system
• Leaching
Chiral
• None
• No enantiomers in
separation
process mixture
Taking these considerations into account, it was decided to use ionexchange resins for this project.
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4.3

Laboratory safety and environmental report

A full safety report for the postgraduate laboratory can be found in
Appendix V. This section will give an overview of potential hazards for the
whole laboratory. However, the focus will be centred on the CSEP pilot rig.
4.3.1

Environment

The environmental hazards of the substances used in this project were
minimal. The laboratory in the postgraduate portacabin was equipped with
a bund, into which the strong effluent drained into. The strong effluent was
flushed to wastewater anyway and the bund drained into the storm drains
and ultimately wastewater treatment.
Small amounts of low concentration caustic soda were used during this
project. Caustic soda in large amounts would have been a potential
environmental hazard but amounts used in regenerating the resin were
relatively small. No environmental hazard was likely. Concentrations used
were low (5%) but safety gloves and glasses were worn at all times when
handling caustic soda.
Steam was used to heat the CSEP to optimum temperature and simply
lost its latent heat within the cabin, flowed outside, underneath the cabin,
and into a drain.
In summary, the extra environmental impacts over and above ADM
standards for this project were minimal.
4.3.2

Equipment safety features

There were three hazards associated with operating the CSEP:
• high pressure build-up within the CSEP;
• high temperature steam;
• caustic soda handling.
The standard maximum operating backpressure within the CSEP was
approximately 35 psi, but this would be exceeded if a blockage was
present. If the backpressure became too high (approximately 50 - 60 psi)
then the tubing connections from the peristaltic pumps would “pop”. While
this protected the CSEP from prolonged high backpressure, liquid could
spray around the immediate area very suddenly. If the liquid was caustic
soda solution, the risk of getting a splash into the eyes was considerable,
so safety glasses were worn at all times in the work area of the laboratory.
Gloves were also worn as a precaution when caustic soda was being
used.
There was little risk of column rupture or other equipment damage from a
high backpressure build-up as the tubing connections were deliberately
left slightly weak. In effect, the tubing connections acted as relief valves.
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Process steam was used to heat the CSEP carousel up to its optimum
operating temperature. This presented a serious hazard with hot pipes and
potential steam leaks. Two ball valves were used to control flow. One was
located inside the cabin and served to regulate the flowrate of steam and
the second was located outside the cabin and could have been used to
shut off the flow in an emergency. Lagging was used on the exposed hot
pipes outside the CSEP and all the other steam piping remained inside the
CSEP carousel.
4.3.3

Personal protection
As previously mentioned, gloves and safety glasses were worn when
handling hot calcium citrate waste and caustic soda at all times in the
laboratory. Siphoning tubes were used to move liquid from container-tocontainer or container-to-bund to prevent splashing. Pipetting was carried
out with pipette bulbs instead of manual operation. Oven gloves were used
when it was necessary to handle anything near the steam pipes.

4.3.4 Waste disposal
Since the strong effluent usually flows into the wastewater treatment plant,
it was permitted to run CSEP streams into the bund. The bund drained into
the storm drains, which ultimately flowed into the wastewater treatment
plant.
Caustic soda was used in small amounts. Runoffs drained out through the
bund, which went to wastewater treatment.
A filter was installed on the water line into the cabin, because colloidal
iron particles were causing problems within the CSEP. The water used for
eluting betaine was increasingly dirty, which caused blockages within the
CSEP, requiring the filter to be changed every six months. When water
pressure in the cabin decreased, it was time to replace the filter, which
was dumped into general waste bins. This problem was identified swiftly
because it was common with some water lines in ADM.
Most of the other waste consisted of packaging, paper or plastics. There
were no facilities to recycle on-site, so they also were dumped into general
waste bins.
4.4

Experimental programme
To maximise the usefulness of the CSEP runs, it was decided to draw up
an experimental programme for each resin tested. This was carried out in
January and February 2000. Factorial design was used. Unfortunately, the
CSEP never operated long enough for a full experimental design
programme to be completed. The CSEP did work for most of the period
April-June 2001 but the lack of HPLC analysis meant that the experimental
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operated long enough for a full experimental design programme to be
completed. The CSEP did work for most of the period April-June 2001 but
the lack of HPLC analysis meant that the experimental programme could
not be completed. The HPLC was inoperable at this time because of
problems with the sample injector.
The experimental programme was used because picking good CSEP
conditions had previously been very haphazard. Using different variables
at multiple levels, a program of runs could be established. See Figure 14
for an example.

High
level

Medium
level

Flowrate A

Flowrate B

! .(HV

level
Lowlevel

Medium
level

High
level

Figure 15: Factorial design
The axes represent the two manipulated variables. These variables can
have any number of values but in this case, three levels are chosen for
each variable. From the graph, it can be seen that nine combinations of
flowrate are possible, as outlined in Table 7.
Table 7: Factorial design parameters
Low A
Low B
Low A
Medium B
Low A
High B
Medium A
Low B
Medium A
Medium B
High B
JJ^dium A
High A
Low B
High A
Medium B
High A
High B
-

—
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Notice that the graph is divided into four quadrants. Inside one of these
quadrants, the ideal flowrate conditions can be found.
Moving further away from ideal conditions, the results degrade. This
means that conditions closer to the ideal give better results. If one
quadrant has equally good results at all four points then it is likely that
better results can be found by using conditions within the quadrant.
If only one point on the graph has promising results then that is likely to be
the point of the best conditions or very close to it. For the purposes of
minimising experimental error, it would be good practice to achieve good
results with more than one point. This is self-evident because in statistics
more samples mean more accuracy and probability that the result is the
correct one.
This can be done by a method similar to zooming in and out of a map. if a
quadrant is found with four good results at each of the four “points”, then
you will need to “zoom in” and find the best conditions within the quadrant.
The quadrant itself is divided up into more “levels” and a new graph drawn
up. This process continues until sufficient “resolution” is obtained with
good results.
If only one “point” with good results exists, then a new quadrant needs to
be drawn up around that point and including the point itself. This should
tell whether that one set of conditions is the optimum or whether some
conditions close to it would work better.
Simply put, factorial design takes a “snapshot” of the system and allows
the chromatographer to “zoom in” on the best conditions and discard
conditions, which give poor results.

4.5

Results & analysis
As stated previously, the CSEP is a delicate and sometimes unreliable
piece of equipment. This raises the question of how conclusions can be
based upon such data. There were three periods where sustainable and
reproducible results were achieved. “Good” results were taken as results
where both good purity and recovery (both above 70%) of betaine was
achieved in the product stream. These are shown in Table 8.

Table 8: List of successful CSEP runs
Series 1
Series 2
f Series 3

8/12/99-22/3/00
10/10/00-7/11/00
25/4/01 - 8/6/01

8^ runs
3 runs
14 runs

The first sets of runs were carried out using the UBK555 resin supplied by
ADM Decatur and Dr. Ahmad Hilaly. The results were excellent at first but
the small particle size of the resin beads gave rise to high-pressure drops
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across the columns as usage increased. A point was reached when runs
could no longer be carried out on the resin and it had to be changed. By
using an analytical microscope, the resin was found to be clogged by
biological degradation of the feedstock within the columns. This caused
the beads to stick together. This increased the pressure drop across the
bed and degraded the separation capability of the resin.
During the period July-September 2000, basic resin tests were carried out
on all available resins to evaluate their potential for betaine separation
from the calcium citrate waste. The GC480 resin from Finnsugar
performed very poorly in the pulse and breakthrough tests and it was
eliminated from further evaluation. Separation was almost non-existent
with this resin. The resins that performed best were the UBK555 diaion
resin from Mitsubishi and the PCR642K resin from Purolite. The Purolite
resin was used in the columns for three months and three good runs from
a total of twenty-two runs were achieved. Part of the reason that only three
runs gave good results was that it took time to find the correct flowrate
conditions to use for this resin. The conditions were markedly different to
the conditions used for the UBK555 resin. Separation was not as good as
for the UBK555 resin but backpressures were lower and there were less
mechanical problems. The first two good runs used the calcium citrate
waste as feedstock but the third run used diluted molasses. The dilution
was a one-in-four mixture of process molasses in water, that is, one part
molasses to three parts water. This run was quite successful with
reasonable purity and acceptable recovery. Other mixtures of water and
molasses were used but these gave very poor results. This is instructive in
itself.
A one-in-two mixture of molasses in water was far too viscous to pass
through the resin (PCR642K) bed but a one-in-three mixture was also tried
and no mechanical problems were experienced. However, product purity
and recovery were very poor. The reasons for this became apparent much
later in the project. It is highly likely that while the PCR642K resin is
capable of good separation, its capacity is quite low. This gave rise to
problems when carrying out the adsorption isotherm tests. Further
evidence of this was given when an effort to carry out a pulse test on
concentrated calcium citrate waste gave virtually no separation. It is clear
that the adsorption sites were overloaded with either betaine or the
impurities. This is discussed in more detail later (see Chapter 6) Diluted
molasses was not used with UBK555 as the smaller resin particle
diameter would have made it less successful than PCR642K.
Much later and after many failed attempts to carry out runs using UBK555
resin, PCR642K resin was tried again. It took time to achieve results at
first but the CSEP ran for over a month and a half. Thus, it was proved
that the CSEP could reliably separate betaine from impurities over a
period, once good care was taken of the resin. The previous attempt to
utilise PCR642K failed because there was not enough time to find the right
flowrate conditions.
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The third period of good results, using PCR642K, is of the most interest
because the CSEP ran for a sustained period of one and a half months
(14 runs) and gave good performance for most of that period. It is this
period that needs to be analysed when assessing the potential of this
project. The highest product purity of betaine obtained was 80.8%.
Performance decreased over time but regeneration cycles with caustic
soda were usually sufficient to increase performance again. Regeneration
took place at least once a week or more frequently if required. This was
decided by trial and error and noticing when performance in CSEP
degraded. Regular regeneration cycles are important for maintaining the
resin. The calcium citrate waste stream is a dirty stream and the resin
becomes clogged quickly if preventative measures are not taken. Filtration
was never really an option for cleaning up this stream, as the calcium
citrate crystals were the only non-soluble material in the CSEP feedstock.
A study of the flowrate conditions required to achieve optimal conditions is
worthwhile. At the beginning of this period (25/4/01), the enrichment
flowrate was 13.6 ml/min; by 8/6/01, this had increased to 17.7 ml/min, a
30% increase on the original enrichment flowrate. The feed flowrate was
reasonably constant over this time, as there was no need to change it
because the enrichment rate was the critical parameter. The enrichment
rate had to be altered due to the gradual decrease in performance of the
resin. This would not be a major problem on a process scale, as
enrichment is similar to reflux in distillation.
A process plant can be sized based upon CSEP data as long as that data
is reliable and has undergone much iteration. Sizing a plant based upon
data gathered from one set of runs would be scientifically unsound and
runs the possibility of poor design for the process. The design team would
need to be confident that the CSEP-to-process conditions maximised
flowrates and product purity and recovery. It could take years of work to
gather all the data required. One set of good results is simply not enough.
Many repetitions of good data are required. The chromatographer must be
confident that conditions cannot be optimised any further and that these
process conditions are repeatable from run to run. The process-scale plant
must also be more robust. Replacing over 500,000 litres of resin every two
months could be very expensive. More information about prolonging the
life of the resin is required.
As an exercise, sizing up from these runs gives a preliminary assessment
of process specifications. Assuming 100 m%our of calcium citrate waste
as feed stock, the plant would require 630-700 m^ of resin. This is a huge
amount. Breaking this down into 30 columns could mean 7.5 metre high
cylindrical columns with a diameter of 2 metres each. While these columns
are not overly large by industry standards (ADM Decatur use
chromatography columns of a similar diameter but not quite as tall), twelve
of them (as in a production rig similar to the pilot rig) is a different matter
altogether. With the large size of plant being discussed, it would make
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sense to use as many columns as possible to keep the individual column
size to a feasible size.
The water requirement would be 260-320 m%our for a product flowrate of
70-90 m^/hour. Raffinate flowing to waste water treatment would be
around 260-350 m^our. This might seem like a large volume for
treatment but the concentration will be low. It is estimated that the total
COD (by mass) entering WWT would be reduced by 50%, based upon
COD tests made in the early stages of the project. Since the wastewater
treatment plant treats COD based on mass, the increased volume should
not be a factor as the overall mass will be decreased.
Table 9: Scale up of CSEP from Purolite resin
100 m^hr
Feed
260-320 m^hr
Eluant (water)
70-90 m®hr
Product
260-350 m^hr
Waste
^30-700 rr?' I
Resin
The range of results given in Table 9 is to cover the range of results
achieved with the Purolite resin.
If a scale-up were to be based upon the earliest promising results from the
UBK555 resin (18/1/01), approximately 620 m^ of resin would be required.
Table 10: Scale up of CSEP from Mitsubishi resin
n^eed
100 m^hr
'Eluant (water)
250 m^hr
Product
100 m^hr
Waste
250 m^hr
Resin
620 m^
Unfortunately, not enough time was available to carry out the optimisation
exercises to determine whether the amount of resin required could be
reduced. The procedure for this is quite simple.
♦ Reduce the step time by 5%.
♦ Increase all flows by 5%.
These steps are repeated until the performance of the CSEP decreases
dramatically. The resin will now be overloaded with adsorbed components.
The last set of conditions to work are the optimal conditions.
Using this procedure assumes that the resin has more adsorption
capacity. If the resin is already close to overloading, the throughput
increase will be minimal.
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There is considerable evidence (mentioned a few paragraphs previously)
that the capacity of the PCR642K resin is quite low. On November 7th,
2000, a feed containing 15.328 g/l of betaine was used in CSEP. This was
a 1:4-diluted stream of molasses. The dry solids content was 256.640 g/l.
On November 13**^, 2000, a 1;3-diluted stream of molasses containing
21.773 g/l of betaine and 342.820 g/l of total dry solids was used as
feedstock for CSEP. The result was very poor separation and even worse
product recovery. Another run with similar feed achieved similar results.
Much later, in July 2001, the student technician carried out a laboratory
pulse test on concentrated calcium citrate effluent. The effluent was
concentrated approximately ten times in a vacuum evaporator.
Table 11: Tests with different feedstock
Date
Betaine (g/l)
15.328
7/11/2000

Dry solids (g/l)
256.640

i

13/11/2000
July 2001

21.773

342.820

90

500

1

Details
1:4 diluted
molasses
1:3 diluted
molasses
Concentrated
calcium citrate

The results showed no separation of betaine from the impurities. This is
probably due to the overloading of adsorption sites on the resin. The
question remains as to whether betaine or the impurities were in excess. It
is possible that both were in excess. The potential overloading of
adsorption sites by either solute should be studied in more detail in any
future project.
A simple test should be able to predict if the betaine was in excess. Taking
a standard calcium citrate solution and “spiking” it with betaine should
provide a solution with excess betaine and the original amount of
impurities. Varying the amount of betaine in the test solution should give
an indication as to how much betaine overloads the resin. Even if the resin
was overloaded, there would still be some separation of the betaine that
adsorbed onto the available adsorption sites but the excess would not be
adsorbed and therefore not separated from the impurities. This is how
overloading should be apparent: poor separation.
It is possible that the impurities were overloading the resin and not
betaine. However, making test solutions with varying amounts of impurities
is more difficult as the impurities consist of a number of components.
Replicating an artificial impurity solution would be very difficult and was not
attempted during this project.
It is unlikely that Purolite would make a resin that could only deal with less
than 2% betaine, when the PCR642K resin is recommended for use by
Purolite. For this reason, it is probable the impurities in the calcium citrate
caused the problem. Unfortunately, since this issue became apparent at a
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late stage of the project, it was not possible to ask them about this
problem.
Pre-concentration of the feed would be very useful for many reasons but
some sort of clean up to remove impurities would be required before a
concentrated stream could be treated.

Page 60

Chapter Five
Fundamental resin tests
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5.1

Description

There are four basic resin tests, which are the pulse, breakthrough,
isotherm and kinetics test. The basic resin tests characterise the
behaviour of a separation. At the most basic, the suitability of a resin for
separating betaine from the waste components can be found using a pulse
test. Using the data gathered from the pulse test, preliminary operating
conditions can also be extrapolated for the CSEP pilot rig. These
conditions can then be scaled up to “very preliminary” process
specifications, because the pulse test is the measure of separation over
one single column and this can be extrapolated to more than one column.
Using the information derived from the isotherm test, more complicated
mathematical modelling can be carried out.
The potential for large errors is more than probable if the correct
procedure for any test is not followed. Ideally, each test should be carried
out a number of times to ensure correct results.
5.1.1

Breakthrough test

The breakthrough test is the most basic resin test. It is especially useful for
preliminary screening of resins that may or may not work for this particular
separation. Whereas only a pulse of calcium citrate waste is used in the
pulse test, a constant flow of feed is used. The graph shows the
separation of betaine from the impurities but it is somewhat difficult to
interpret. Concentration is plotted against bed volume. Separation is
evident if the wave front of impurities comes before the betaine wave front.
It is most useful for preliminary screening because the pulse test takes
more time to prepare and carry out. However the pulse test gives more
information that is required to set up CSEP.

Figure 16: Breakthrough tests
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Obviously, this diagram is somewhat exaggerated but it serves to show
the separation between the two components. The breakthrough curve is
not as useful for mathematical deduction as the pulse test but it serves as
a quick test of the separation capability of the resin. Obviously, the betaine
curve will have to separate from the impurities curve as the betaine
concentration is at a lower level. The baseline separation of the two curves
is a good indication that separation is feasible (as shown in Figure 16). If
both curves started from the same point it would be sufficient cause to
dismiss the resin as incapable of separating betaine from the impurities.
The advantage of the breakthrough test is that it is easier to carry out than
the pulse test, as there is no need to be concerned about the possible
error of incorrectly placing a pulse onto the resin bed. Peak broadening is
the result if the procedure for the pulse test is incorrect and the test would
have to be repeated.
5.1.2

Pulse test

This is the most useful resin test. It provides more thorough screening and
data for heuristic design than the breakthrough test. It indicates whether or
not separation of betaine from the waste components is achievable with a
particular resin. The procedure simulates a batch column by “injecting” a
pulse volume of feed into a single column of resin and then pumping
eluant to provide a liquid phase carrier for the adsorbed and non-adsorbed
components. Multiple samples are collected and analysed for betaine and
impurities. From this, a concentration-volume profile graph is drawn.
Further data required are the flowrate of the eluant (usually water) and
pulse (the feedstock to be separated) and the volume of resin. Figure 17
or similar should be the result. The larger the separation between peaks,
the better the resin is at separating betaine from that particular
component. It is only necessary to achieve peak separation if production
of a relatively pure betaine product stream is required. This was
discovered towards the end of the project period. Over consecutive
columns, the smallest gap between the peaks on the pulse test diagram
was exploited to the full.
To clarify, large peak separation along the baseline in the pulse test
means that many columns will be needed in the elution zone and raise
operating costs. Too small a gap between the peaks means that
separation will be very difficult. The ideal is to have separation of the
peaks but not on the baseline. This is one of the basic facts of
chromatography.
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The problem with baseline peak separation can be seen from Figure 18.
Baseline separation is where both peaks are completely separated. The
pulse test gives a physical picture of how one column operates. Putting a
number of columns together will further that separation. The further along
the x-axis of the graph the second peak continues, the more columns are
required for separation. What is happening is that betaine is very strongly
adsorbed to the resin and it takes a lot of eluant and time to wash it off.
This results in a larger plant being necessary and does not make efficient
use of the 3 litres of resin available in the CSEP.
If 25 ml samples are collected, it is easy to use 25ml increments on the xaxis of the graph but it is more useful to use units of bed volume instead.
These are calculated by simply dividing the cumulative volume collected
by the bed volume. For instance, 125ml collected (or 5 samples) would
become 0.5 bed volumes for a bed of 250ml. Using bed volumes is useful
for calculating preliminary flow conditions because it allows all the
flowrates to be described in terms of the apparent resin “flowrate”. This is
covered in more detail in Section 5.2.1.
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Figure 18: Pulse test and rates
Figure 18 gives a good overview of how to make conclusions based upon
pulse tests. To make the diagram easier to read, two scales are often
used on the y-axis of the graph (concentrations: one for betaine and
another for impurities). This can sometimes make the betaine peak look
overly large to the uninformed observer. The recycle rate is taken from
the point where the concentration of the impurities begins to increase. This
decides what portion of the waste (raffinate) stream is recycled back to
the elution zone. Obviously, this stream must be as clean as possible.
The “cut off point for the recycle rate (see first mark on Figure 18) on the
graph should specify a clean stream for re-use in the elution zone. The
recycled stream will be mixed with fresh eluant (in this case, water) so any
impurities will be diluted.
The enrichment rate is probably the most crucial parameter to be read
from the graph (see second mark on Figure 18). It is the most immediately
important variable in determining purity and recovery of betaine in the
product stream. The enrichment flowrate is taken from the low point
between the two peaks. In the case of complete baseline separation, the
enrichment rate should be taken from the point where the impurities level
after the peak is at a minimum and before the slope of the betaine curve
starts to increase. This ensures maximum recovery of betaine and the
highest flowrate of product. Concentration of betaine would probably be a
little bit lower but the other option risks sacrificing betaine recovery. It is
much easier to select the enrichment rate if there is no baseline separation
between the two peaks as it would be hard to select a point when there is
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a gap between the two peaks. The enrichment rate is simply selected from
the lowest point between the two peaks.
The elution rate (see third mark on Figure 18) decides what the elution
flowrate is and how many columns are necessary to achieve full
separation. It is taken from the end of the second (or last) peak. If there is
a lot of tailing in the betaine peak, extra columns will be necessary to
achieve separation. Baseline separation will force the end of the betaine
peak further along the x-axis, even without tailing, but with tailing, the
result would be an even bigger unit on the process scale.
5.1.3

Isotherm test

This test is really only useful for detailed mathematical modelling. It is
usual to use the pulse and breakthrough tests to screen the commercially
available resins and then use the isotherm test to gather more information.
It establishes the relationship between liquid phase concentrations of
betaine and solid phase (resin) concentrations for betaine. Most
adsorption isotherms are derived for use with gas-solid systems [Treybal].
In principle, the equations derived for gases ought to be applicable to
liquid systems. However, some offer an empirical fit of the equilibrium data
and some may not depending on the suitability of the theoretical model.
Depending on the concentrations present. Figure 19 shows a typical
isotherm.

concentration
of Betaine
Figure 19: Henry’s law isotherm
This is a graph representing the Henry’s law isotherm, which shows that
as the liquid phase concentration of betaine increases, the solid phase
concentration of betaine increases. A key assumption is that infinite
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adsorption sites are available. This model is perfectly serviceable at low
liquid concentrations. The isotherm is usually written in the form:

Where

=

C
a
equilibrium constant

(1)

A more realistic mathematical model is where adsorption sites are limited
and therefore the amount of betaine that can be adsorbed is limited by the
amount of resin when high liquid concentrations are present. If there is a
limit on the number of adsorption sites, then there should be an asymptotic
limit on the amount of betaine that can be adsorbed. This is the “Langmuir
isotherm”. The rate of adsorption then becomes proportional to the empty
surface adsorption sites available, as well as to the fluid concentration. At
the same time as molecules are adsorbing, other molecules will be
desorbing if they have sufficient activation energy. At a fixed temperature,
the rate of desorption will be proportional to the surface area occupied by
adsorbate [Treybal]. When the rates of adsorption and desorption are
equal, a dynamic equilibrium exists. For adsorption, which is confined to a
monomolecular layer, the equilibrium relationship can be written:
aC
\ + bC

Where

Q
C
a, b

(2)

= betaine concentration on resin (g/l)
= liquid betaine concentration (g/l)
= Langmuir constants

o

00

concentration
of Betaine

Figure 20: Langmuir isotherm
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The Langmuir isotherm is more realistic because infinite adsorption sites
will not be available, but many other isotherms exist. Both models
mentioned here deal specifically with systems with only one adsorbed
component. In the case of two or more competing components, more
complicated isotherms are available. For the purposes of this project, it is
prudent to assume a Langmuir isotherm. The assumptions are:
• monolayer molecular coverage on adsorption sites;
• no interactions between adjacent molecules on the surface;
• the energy of adsorption is the same all over the surface;
• molecules adsorb at fixed sites and do not migrate over the surface.
The Freundlich isotherm is one of the most popular adsorption isotherm
equations used for liquids. Though originally proposed as an empirical
equation, the Freundlich isotherm was shown later to have some
thermodynamic justification.

concentration
of Betaine

Figure 21: Freundlich isotherm
The equation of the Freundlich isotherm is:
I

Where

Q
C
a, n

Q = a{Cy
(3)
= betaine concentration on resin (g/l)
= liquid betaine concentration (g/l)
= Freundlich constants (n>1)

The three isotherms here are the most commonly used and therefore the
most likely to be applicable to our experimental data.
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5.1.4

Kinetics test

This test simply determines the kinetics of the adsorption - desorption
operation. It was not used very often during the project because it is really
only useful for in-depth calculations which could not be carried out due to
inconclusive results with the isotherm test. Figure 22 shows concentration
of betaine adsorbed against time, which is a characteristic shape that
appeared more than once for different resins. This is what would be
expected. Obviously, the resin adsorbs betaine over time and more
betaine is adsorbed with increasing periods until the capacity of the resin
or level of betaine concentration is exhausted. The curves that resulted
were characterised by a period of approximately constant rate adsorption
followed by a period when the betaine concentration on the resin
decreased. A possible explanation is, because the resin was briefly
overloaded with betaine, it then desorbed the excess betaine in a short
period, as the resin volume used has a finite adsorption capacity. The first
section of the cun/e is the section of interest with respect to calculating the
kinetics of betaine adsorption on a particular resin.

Time (seconds)

Figure 22: Kinetics graph
In experimental data, a straight or nearly straight line could be fitted to the
initial upward part of the curve to determine the kinetics of the adsorption.
It is not immediately apparent what use the remaining part of the curve is
to modelling the behaviour of betaine adsorption, as betaine adsorption
would be in equilibrium with betaine desorption.
While carrying out a kinetics test, it is important to only remove small
samples for analysis as every change in volume affects how much betaine
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is available to adsorb onto the resin. The amount of betaine in the
unadsorbed state will decide the driving force of adsorption. The idea is to
have a very large amount of betaine available for adsorption so the driving
force is infinite. If the driving force is finite then the curve may taper off
before the maximum height. This is not a problem if the kinetics rate is
being calculated by means other than graphical determination but from a
graph, it helps to have the maximum length of adsorption zone to calculate
the slope of the line. More data points mean less experimental error.
5.2

Theory for pulse test
Most of this section will deal with calculations arising from the pulse test
and the calculations that can be done from first principles. The pulse test
is the single most important test that can be carried out on any resin
because it assesses the separation capability of that resin and allows the
chromatographer to calculate preliminary flowrate conditions for the
CSEP.

5.2.1

Pulse test terms
The methodologies given below are not available in publicly published
material. Instead, they were obtained from documentation given to ADM
by Calgon Carbon. Firstly, the notation must be explained.
BV:

the resin rate is determined by dividing the total resin volume
by the rotation time (time it takes for CSEP to rotate fully).
This number is called the bed volume (BV) rate. The BV
number is used to normalise the flows at different rotation
rates. Once the pilot runs have been deemed successful,
scale up is calculated by multiplying the resin and all non
feed flows in the pilot system by the commercial feed
flowrate and dividing by the pilot feed flowrate. The BV rate
is also used to move from bench work to the CSEP.
Elution:
this stream washes (elutes) the slower moving of the two
components to be separated from the resin. If the rate is too
low, then the slow component will not be removed before the
cell moves to the recycle zone. If it is flowing too fast then
the slow product will be excessively diluted.
Product:
often referred to as the extract or fast product but since this
component diffuses more slowly through the resin, AST
(Advanced Separation Technologies-the manufacturer of
CSEP) refer to it as the slow product. This flowrate is the
difference between the elution rate and the enrichment rate.
Enrichment: this flowrate is set low enough to allow the slower
component to move with the resin and move the faster
component in the direction of the liquid, against the resin. If
the rate is too slow, the fast component will contaminate the
product. If this rate is too fast, then the product will move
against the resin movement, contaminate the waste and be
excessively diluted.
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Waste:

Feed:

Strip:
Recycle:

5.2.2

often referred to as the raffinate but since this is the
component of the feed, which diffuses through the resin in
the shortest time, it does not preferentially adsorb onto the
resin. It is referred to as the fast product by AST. For
simplicity, it was called the waste in this project. The flowrate
of the waste is the difference between the strip and the
recycle (both defined below).
this is the flowrate of feed pumped into the unit. If the feed
rate is too low then maximum productivity will not be
obtained. If this rate is too high then the system will be
overloaded and purity and recovery will decrease in both the
product and waste. Therefore, there is an optimum feed
flowrate to obtain maximum productivity with the desired
purity and recoveries.
this flowrate is the combination of the feed rate and the
enrichment rate. It should carry the waste against the resin
but not the product.
this zone employs a pump to deliver a portion of the waste
into the last section of the CSEP. The last cell of this zone
was previously in the first port of elution and at the time of
the columns switching, it is full of water. Therefore, by
pumping a portion of the fast product into this section some
of the eluant in the column can be recycled. This also
increases the concentration of the fast product. Due to lack
of time, this zone was not used during this project.

Bench to pilot
The procedure for running a pulse test can be found in Appendix II. Once
the pulse test has been analysed, a result similar to Figure 18 would be
expected when plotting flow versus concentration. The starting flows for
CSEP are set according to the graph. The pilot feed rate is typically set at
a flowrate to give a pulse peak separation of 0.1 BV. It is not required to
have baseline separation to get very high purity products.
Start with an enrichment rate of approximately 5 m/hr (pressure drop
permitting), and set rotation rate and other flowrates accordingly.
Normalising every flow with the BV rate does this.
Determining configuration:
The CSEP pilot plants are available in three sizes. The first is the
C-9 series, with 1/8” diameter ports. This comes in 12, and 20 port
designs. The second is the L-100C series, with 1/4” diameter ports. This
comes in 20 and 30 port designs. The third and smallest is the 16 port,
1/16” diameter port unit.
The more difficult the separation, the more ports are required to carry out
the separation. By studying at the chromatogram, a good starting
configuration can be determined.
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Elution:

if the peak of the slow component tends to have a long tail
then more ports need to be assigned to this section.
Enrichment: the number of ports needed in this section is dependent on
the separation of the two peaks, and the overlap (resolution).
Strip:
same as for enrichment.
Recycle:
this is usually two ports.
Feed:
this is one port.
Table 12 is an example of how to set up a pilot run from the above
chromatogram.
Number of ports/cells
Volume of resin per cell (ml)
Total volume of resin (ml)
Cell ID (cm)
Flowrate at 5 m/hr

12
250
3,000
2.5
42.2 ml/min = enrichment flowrate

The chromatogram (Figure 18) shows that the enrichment flow is
approximately 0.6 BV
Therefore 1 BV (bed volume) can be calculated:
42.2
= 70.4 ml/min
\BV =
0.6

. X.
3000
, .
Rotation rate =------= 42.6 mins
70.4

Elution
Enrichment
Feed
Strip
Recycle
Product
Waste

BV rate
0.85
0.6
0.1
0.7
0.2
0.25
0.5

ml/min
59.8
42.2
7.0
49.3
14.1
17.6
35.2

Number of ports
2
4
1
3
2

Deciding the number of ports to be used is not an exact calculation but a
rough estimate based upon common sense and the basic layout given
above (e.g. one port for feed, two for recycle, etc). This was not varied due
to lack of time.
5.2.3

Optimising the pilot process
Different chromatographic separations take varying amounts of time to
reach equilibrium but four rotations (step times) of CSEP is more than
enough time to reach equilibrium. It is also easier to optimise the unit
during a long run (higher chance of stable system), than trying to optimise
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with several short runs. However it is best to do a couple of short runs first
to check for mechanical problems.
Once the unit was optimised, a long continuous run was made to confirm
the unit was at equilibrium and to confirm that it can maintain performance.
Typical operating problems that were encountered and the solutions
(learned through experience) utilised are detailed in Table 14:
Table 14: CSEP operating difficulties and solutions
____
Solution
Problems
_
1) Waste in the product
1) I Increase the enrichment rate
^No waste in the recycle
2)
Product in the waste
2) I Decrease the enrichment rate
No product in the recycle
3)
Product & waste in 3)
Decrease the feed flow
product & waste
No product & waste in
recycle
_______
After the separation flows were set, optimisation of the unit began.
Typical optimisation procedure
1)
Increase the feed until the unit is overloaded. The enrichment rate
may need to be decreased as the feed rate is increased.
2)
Increase the rotation rate until the kinetics limit is reached.
Remember to increase all of the flows proportionally to the BV rate
increase because, as the rotational time is decreased, the BV rate
will increase. The aim is to keep the BV rate constant.
3)
Now increase the recycle until waste leaks, then slightly decrease
it, and decrease the elution until product leaks, and then slightly
increase it.
During the optimisation process, several profiles should be taken. The
AST procedure is the following.
After the last sample for the run has been taken, allow the unit to run
and Just before the step ends, shut down everything at once.
•
Now drain each individual cell separately into a beaker and take a
composite sample from each individual column. This profile will give
very valuable information as to any flow changes needed and any
configuration changes needed to improve the process.
•
The plot of the graph should be concentration versus port number.
Remember the profile was taken at the end of the step when
examining the profile graph. For example, the first port of elution
should be completely clean and there may be some waste in the last
port of recycle.
See Appendix IV for a summary of optimisation options.

•
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5.3

SMB fundamentals from first principles

This section deals with calculations from first principles relating to
simulated moving bed processes. It is not common that these calculations
are used in everyday work because they are tedious and require
information not supplied by the pulse test. However, they form the basis of
the calculation methods used previously. Many of these calculations are
based upon a single article [Zhong & Guichon, 1998], so it was not
possible to clarify some of the assumptions made throughout. Also, some
variables were introduced into the article without explanation and every
effort has been made to explain these.
To simplify and focus this section, it was decided to assume linear
behaviour within the SMB. Most industrial applications of SMB so far have
been under these conditions [Zhong & Guichon, 1998].
5.3.1

Simulated Moving Bed Models
A. Column model

The column model includes a set of mass balance equations, one for each
component of the feed, a set of kinetics equations and a set of isotherm
equations [Zhong & Guichon, 1998].
Mass balance equations

Because SMB separates the feed stream into two fractions (product and
waste), it is convenient to consider that the feed is a binary mixture. Multicomponent mixtures could easily be handled using the same approach, if
needed. In the case of the betaine project, this was very convenient. The
feed (trical waste) becomes the betaine-rich product and the betaine-lean
waste.
The different columns used in the system are supposed to be identical.
Each column is assumed to be radially homogenous, with a constant
cross-sectional area, so a one-dimensional model can properly describe it.
The liquid phase experiences axial dispersed plug flow and the solid
phase experiences plug flow (because its movement is simulated). The
flow velocities and axial dispersion coefficients are constant in each
column. The influence of the heat generated by adsorption, then absorbed
during desorption, is considered as negligible. For the size of the pilot
plant, this is a realistic assumption.
The differential mass balance in section j of a column, for component /, are
written (/ = 1,2 and j = I, II, III, IV). This makes two components and four
sections. The section numbers correspond to the actual sections in the
SMB. They are:
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=
=
=

IV

Elution zone
Enrichment zone
Stripping zone
Recycle zone

Below is the differential mass balance:
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=
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0

(4)

liquid phase concentration of component i in a column
of section j
solid phase concentration of component i in a column
of section J
liquid phase velocity in that section
solid phase velocity (independent of section)
phase ratio [(1-e)/e]
column total porosity
axial dispersion coefficient

The adsorption equilibrium isotherm is necessary to solve the above
equation. Also necessary would be some knowledge of the kinetics of
adsorption. If the adsorption is slow, then column efficiency will be poor no
matter what the equilibrium isotherm is. If the mass transfer rate is fast
then it can be neglected but a slow mass transfer rate needs to be taken
into account. As can be seen from the results in the appendices, mass
transfer rates for the adsorption of betaine onto suitable resins were
generally quite fast so for the purposes of simplification, it will be
neglected.
Kinetics of mass transfer
The kinetics of mass transfer in the solid phase is generally characterised
by the rate of the diffusion processes involved. On theoretical grounds,
different mass transfer mechanisms can be distinguished, such as pore
diffusion, surface diffusion, film mass transfer resistance and the kinetics
of adsorption/desorption [Zhong & Guichon, 1998]. However, it is not easy
in practice to interpret experimental data in terms of sophisticated models
including many or all of these contributions. It is not even possible to
identify simply those contributions, which contribute most to mass transfer
resistance in a given case. Furthermore, direct parameter identification
should generally be avoided as it leads easily into circular arguments. For
these reasons, it is expedient to use an equivalent simple linear driving
force (LDF) model [Zhong & Guichon, 1998].
The following LDF model was used.
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where q ij
ki

(5)

5z

St

solid phase concentration in equilibrium with liquid
phase concentration
kinetics constant

This equation states that the rate of change of the solid phase
concentration of the feed components increases linearly with increasing
difference between the actual solid phase concentration and the solid
phase concentration, which would correspond to equilibrium with the
mobile phase concentration, as given by the isotherm.
Equilibrium isotherm
The adsorption isotherm is the thermodynamic relationship characterising
the equilibrium between the two phases, i.e. relating the concentrations of
a compound in the solid and the fluid phase at equilibrium. Depending on
the nature of the fluid phase, the stationary phase and the compounds
involved, it is possible to select among a variety of isotherm models the
one which best fits the experimental adsorption data.
This has already been discussed in Section 5.1.3. This thesis will
concentrate on the two simplest isotherm models: the Henry’s law
isotherm and the Langmuir isotherm.
The formulae required are:

-/(c,J=a,C,

(6a)

a ‘ C‘>j
=

(6b)

l + hC

where ai and bi are numerical coefficients.
An isotherm test must be carried out to determine the most suitable
isotherm for use with these calculations.
Initial and boundary conditions
The initial conditions correspond to a separator containing only the liquid
and the solid phase in equilibrium, with no feed components. The
boundary conditions at the column inlet are:
C .(z,0)= 0
(7a)
‘J

u J C ‘,J (o,/)-A

sc , ,

—^
0,0’ = C'"
Sz
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{7b)

sc‘^{L,t) = 0

(7c)

Sz
where C'^jj is the concentration of component i at the inlet of column j.
z is the distance travelled along the column or zone
L is the total length of the column or zone
These concentrations are related to the mass balance equations of the
corresponding nodes of the SMB (see the next section). The feed and
draw-off nodes are shifted after a certain time or cycle time, t*, to the next
position along the fluid flow direction. This creates simulated countercurrent motion of the solid phase. To account for this mode of operation,
the boundary conditions of each column are updated accordingly at the
beginning of each new cycle.
with
0,
The set of equations (4) to (7) can represent either a TMB,
T
or an SMB system, with
= 0 and u ®^® = Uj™® + Us™®. A TMB is a
True Moving Bed, an ideal but not practical alternative because the actual
movement of resin is too difficult to achieve.
B.

Node Model

The flow and integral mass balance equations at each node are given by
the following equations in which Q|, Qn, Qm, Qiv are the flow rates through
the corresponding sections. Qe is the eluant flowrate, Qp, the product or
extract flowrate, Qf, the feed flowrate, Qr is the recycle flowrate and Qw,
the waste or raffinate flowrate.
In these equations,
and C'^ij are the concentrations of component i at
the outlet and inlet of a column in section j, respectively. Qj is the flowrate
through that column. It is related to the liquid phase velocity, uj, by Qj =
sAuj, where A is the column cross-section area, which is assumed, without
loss of generality, to be the same for all the columns including the feed
and draw-off columns [Zhong & Guichon, 1998]. In the general case, this
system has no analytical solution and must be solved numerically. In the
ideal [Dl = 0 in equation (4), kj = oo (infinity) in equation (5)] linear model
this system has a single algebraic solution.
1.

Eluant node:
Qiv +Qe -Qi
iJV^IV

+

C.
i,E^E

=

C"\Q,
1,1 I
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(8a)

Extract draw-off node:

2.

Q, - Q,> = Q„
^oiit

_^

i,I ~

3.

i, II ~

(8b)

i,E

Feed node:

Qn '^Qf =Qffl
i
C°%Q,,-¥C. c-SriJI^II
i,F^F
4.

=C'"

e,,,

iJII^III

(8c)

Waste draw-off node:

Q,„ - a = Q,
^Oiil

_

i,III ~

C.
i,R

iJV

(8d)

C. Separation conditions
The most important decision made in the development of a separation by
SMB is the selection of the liquid flowrates in each of the four sections.
Such a choice decides directly the success or failure of the separation.
Some simple conditions must be met to ensure stability of the operation
[Zhong & Guichon, 1998]. In all columns, the less retained feed
component must move in the direction of the liquid phase, the more
retained one in the opposite direction. To express these conditions, we
first define the net ratio, yij, between the mass flowrates of component i in
the fluid and the solid phase in each column, which is a key parameter in
the operating design of SMB.

r.. =

QC

where Qs
And Qj

su j C ij

Id

(9)

(l-s)Aus, the solid phase flowrate.
AsUj, the liquid flowrate

To achieve complete separation of a binary mixture, the values of the
parameters yij need to fulfil the following eight inequalities.

<1

1

(10a)

<1

72,11 ^ ^

(10b)

Tun, <1

72,III ^ ^

(10c)

run

72,1
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1,/^" >1

y 2,IV

>1

(10d)

Linear Case
These eight relationships can be reduced to four because in sections I,
and III, the more strongly adsorbed component is the critical component.
In sections II and IV, the less adsorbed component is the critical
component [Zhong & Guichon, 1998]. The reason for these assumptions is
because the concentration of betaine in section I, the elution zone,
determines the concentration of betaine in section II, the enrichment zone.
In the enrichment zone, the concentration of impurities determines the
purity of the product stream. In section III, the stripping zone, the betaine
concentration is a measure of how much betaine will be in the waste
stream and therefore not recovered in the product stream. In section IV,
the recycle zone, the concentration of impurities determines how clean the
recycled portion of the eluant is.
Instead of defining the eight yij, four critical net mass flowrate ratios, Pj
were used instead (Pj>1, j = I, II, III, IV). These are all defined to be larger
than unity. The simplest definition is given by reference to the coefficients
Yij above:

1

(10e)

2,1

1

(lOf)

7 1,//

A
A

7 2,111

(I0g)

7

(lOh)

So, in sections III and IV, pj is the ratio of the flux in the solid phase to the
flux in the net liquid phase for components 2 and 1, respectively. In
sections I and II, Pj is the reverse, or ratio of the net liquid to the solid
phase flux of components 2 and 1, respectively. The solid phase flowrate
is constant in all four sections because it is based on the column length
and switching time (the time allowed for the columns to remain in one
position before being moved to simulate resin flowrate. Whether there are
one or several columns in each section, identical columns must be used to
operate an SMB. Thus, increasing the value of p requires an increase of
the liquid phase flowrates in sections I and II and a decrease of the liquid
phase flowrates in sections III and IV.
As a consequence of these definitions, the first four of the following five
equations are obtained.
Page 79

a

(lla)

Q,-Qr
Qs
Qi ~Qp +Qf
2.
A
Qi ~Qp +Qf ~Qw
Qs

(llb)

—

Qe

+

Qf

=

2/-

+

(llc)

a.

A

(lid)
(lie)

Qw

The “a” symbols represent proportionality constants. The fifth equation is
the integral mass balance of the system under steady state. This system
of five linear algebraic equations is easily solved by eliminating Qi
between them. Thus, four equations are obtained:

Qs
Qr

2,

(12a)

=-

aj p,

Qs^^iP\

2« =2.

2.-2.

a.

^1/^2)
a, A

(12c)

A PJ
A

(12b)

(12d)

P

4

J

These four equations make physical sense only if the four flowrates are
positive. This physical condition translates into a set of four conditions on
the values of the coefficients Pj.
(13a)

A
A
Pi

A

<a

{13b)

<a

(13c)
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<a

AA

(13d)

The symbol, a, represents a separation factor. These four conditions can
then be reduced to one single condition, equation 13a [Zhong & Guichon,
1998].
(13a)

A A <«

Because p2 is the ratio of the mass flowrates of component 1 (the waste)
in the solid and the liquid phases in section II, while p3 is the ratio of the
mass flowrates of component 2 (the product) in the liquid and the solid
phases, equation 13a indicates that there will be no separation unless the
product of these two ratios is less than the separation factor.
These results explain clearly why it is difficult to separate two closely
retained components (i.e. a pair with a separation factor, a, close to 1) in
SMB. There is little flexibility in the choice of pj. More exacting control of
the four flowrates of the SMB is attained from smaller values of a-1.
Once the values of the four parameters, Pj, were chosen, there remained
two variables to adjust: the flowrates of the solid phase and of the feed.
From the former, the value of the switching time, t*, can be derived, it is
given by:
/* =

L
u

{\-s)LA

(14)

a

From equations 10a to lOd, we can easily obtain the flowrates in the
different columns. The following relationships are always valid in a
functioning SMB.
Qi ^ Qm ^ Qii ^ Qiv

(15)

Non-linear Case
The same principles can be applied to the selection of the flowrates when
the SMB is operated under non-linear conditions. However, the non-linear
and competitive behaviour of the isotherm causes important interactions
between the components. The velocity associated with given
concentrations of both components is a function of their local
concentrations, a property of non-linear behaviour. This affects the choice
of the flowrates. In the general case, there are no simple procedures to
perform this calculation. A trial-and-error approach must be followed,
either experimentally or numerically. For constant selectivity equilibria (i.e.
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with competitive Langmuir isotherms), however, a solution of the system is
known, allowing the calculation of the flowrates in a single section [Zhong
& Guichon, 1998]. The solution takes into account finite mass transfer
resistance and axial dispersion.
The optimal design for a multi-component separation is obtained where
adsorbent and desorbent requirements are minimised while enrichments
of both the product and waste are maximised. However, SMB operation is
generally better for a binary separation because there are only two
withdrawal ports. The separation of more than two components requires a
special design of the standard SMB system.
D

Analytical solution of the linear ideal model

For the sake of simplicity in their paper, Zhong and Guichon assumed that
the coefficients pj all had the same value, p.
The propagation velocity (velocity of a zone of constant concentration) of a
concentration is independent of the actual concentration. It is:
U

V

U

=

(16)
1+^
1+F

,SC
J
V
'-J /
dq. .

where K. = F
I
dC. .
V
According to Zhong and Guichon, the velocities of the mobile phase in the
four different sections are:

Uf =

F

(17a)
'

J

( 1

(17b)

^// =

J

^ \
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(17c)
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It should be noted that the velocities of the mobile phase in each of the
four sections of the SMB are different. During one cycle, the different
concentrations migrate at average velocities, which are a function of the
position of the profiles at the beginning of the cycle (see Figure 23 for an
outline).

Feed

Waste

Switching
Solid flow
Fluid flow
◄-----------o
Product

Eluant

Figure 23: SMB basics
During the first cycle, a concentration plateau of both components is
formed in section III of the SMB (assumed for the sake of simplicity to
have only one column per section), upon the beginning of the pumping of
the feed solution into this section. The period of the cycle (switching time)
is selected so that, when it ends, the front of the breakthrough curve of the
first component is already in section IV, while the front of the breakthrough
curve of the second feed component is still in section III. During the
second cycle, the columns II and III contain some feed components. In
section II there is a plateau of the first component and the whole
breakthrough curve of the second one, which has not reached column IV
during the first cycle. Column III contains the front of the breakthrough
curve of the first component. These concentration profiles combine with
the injection of new feed to give the more complex profiles observed at the
end of the second cycle. By considering this progressive build-up of the
band profiles and calculating the successive step concentrations and the
position of each step, it is possible to derive iterative expressions giving
the concentration profiles at the end of each successive step.
At the end of the nth cycle, the step of highest concentration is
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cr=(i-/::)c,,,

(18)

where nt represents the nth cycle
with

K.

\ + FK^P

(19)

=

\-^FKJ p

Ka is the ratio of the flowrates of the liquid phase in sections II and III.
The concentration profiles of both components are made of steps of
increasing concentrations C\^^\ for all values of k between 1 and n.
However, these steps are of decreasing length so only a finite number of
such steps are formed. When the cycle rank increases and becomes high
enough, the step of highest possible concentration is not formed but
vanishes during the period. The number of steps formed is usually
between 5 and 7 [Zhong & Guichon, 1998].
The lengths of the concentration plateaux thus formed are limited. These
lengths increase with increasing cycle rank. During the cycle of rank n, the
position of the first step (the step of height C*), moves by the following
distances, calculated from the entrance of the corresponding column, in
the direction of migration of the corresponding profile (the raffinate profile
moves in the same direction as the liquid phase, the extract profile in the
same direction as the solid phase). So, the migration distance of the front
of the raffinate band in column IV and the rear of this band in column III at
the end of a cycle increase by
and L^o, respectively, while the
migration distance of the front of the extract band in column II and the rear
of this band in column III (the extract band moves “backward”) increase by
and L^o, respectively, with

_{\ + FKJ I3)F{KJ p-K,)

“

(l + FK, / p\\ + FK^)

(20a)

_ FK,{\-\ip)^

"

(20b)

\ + FK.
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(20c)

"

(20d)

\ + FK.

with

K„ =

Kc =

\ + FKJ p

(21)

\ + FKJp
1 + FK^p

(22)

1 + FK,p

Kb and Kc are the ratios of the liquid phase flowrates between sections (or
columns) IV and III, and between sections II and 1.
The actual position of the fronts and rears of the bands are obtained by
calculating the sums from 1 to r? of these incremental migration distance.
They are given by

A" = l: + l: +...+L",
=
n-\

(23a)

\-K
1 _ 1 /

"

A" = Li + F +... + L‘’n-\, =--------\/K
A^n

=F0 + F1 +... + Un-\,

=

A'' =F^+F +... + Fn-\,

\-\IK]^
________

\-K.

(23b)

F

(23c)

(23d)

As Ka, Kb and Kc are all smaller than 1, both A®n and A''n have finite limits
when n tends toward oo. These limits are

A" =

F

<L

(24a)

\-K.
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A"

=

\-K,

<L

(24b)

These indicate the location in the columns IV and II, respectively, toward
which the position of the band fronts tend when the SMB tends toward
steady-state conditions. These positions must be within the corresponding
columns for the SMB to achieve stable operation.
However, A^n and A^n are increasing series and have no finite limits. They
will reach a value equal to or larger than the column length L in a finite and
relatively small number of cycles. Then the maximum height of the flight of
concentration steps of each component stops increasing, which is why the
maximum height of the profiles reaches its limit value for a finite and
relatively small cycle rank. Therefore, the concentrations always have
finite values.
This concludes the section on calculations used for work from first
principles. As already stated, it was not possible to verify these
calculations as there were problems with the results of the isotherm test.
These results were required to determine the equilibrium relationship
between betaine concentration in the liquid phase and betaine
concentration adsorbed onto the resin.
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Chapter Six
Discussion
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6.1

Results of resin tests
There are three methods of sizing the process scale plant. The obvious
one is to scale up directly from CSEP conditions. Another would be to use
“rule of thumb” calculations developed within the industry. The last would
be to carry out calculations based upon first principles. Scaling up from
CSEP conditions was covered in Chapter four. The other two methods will
be discussed here.
To carry out calculations based upon first principles, an understanding of
the adsorption equilibrium is required. Isotherm tests were carried out at
the early stages of the project on the UBK555 and GC480 resin. When
many resins were being evaluated during the summer of 2000, only the
pulse and breakthrough tests were carried out. This was intended to save
time. Carrying out isotherm and kinetics tests on poor resins would have
wasted time.
Despite being used by Finnsugar for separating betaine on an industrial
scale, the GC480 resin performed very poorly in these tests and it was
disregarded from further consideration. This may have been premature, as
the resin seemed to perform poorly after being in storage for any period of
time in the postgraduate research laboratory. This resin should probably
be considered again as it has the largest particle size of any resin. This
would reduce problematic backpressures in the CSEP unit. From original
pulse and breakthrough tests, the GC480 resin seemed to have good
separation but it was not as impressive as the separation in the pulse tests
for UBK555 or PCR642. GC480 is used by Finnsugar to extract betaine
from molasses solutions and it is possible that the poor performance of
GC480 in the summer of 2000 was misleading. If this project was to be
studied again, considering at the GC480 resin might be very productive.
Other resins were tested, such as CT124 (Purolite), UBK530 (Mitsubishi)
and CR1320K (Rohm & Haas). Separation with CR1320K and UBK530
was poor. Separation with CT124 was non-existent.
From these tests, it was decided that PCR642K and UBK555 had the most
potential and CSEP runs therefore concentrated on these resins.
Isotherm and kinetics tests were also carried out for PCR642K and
UBK555. The UBK555 isotherm and kinetics tests were carried out at a
very early stage of the project and the results were very good. The
isotherm test for the PCR642K resin was carried out later, when the
results were very poor and contradictory. The test was repeated again to
obtain better results but again it was not possible to get results that made
any sense. The procedure involves using differing amounts of resin in 100ml samples of calcium citrate effluent. One flask had no resin and acted as
a “blank”. Ideally, the final concentration of betaine in this flask should be
equal to the original concentration of betaine. In fact, the difference in
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concentrations was over 10%. This gives rise to serious cause for concern
as to the accuracy of the analytical equipment.
Table 15: Summary of resists for each resin
Resin
Comments
1 Particle size (4)
PCR642K
1
330
Good separation
1
480
GC480
Inconclusive
1j
results
!
220
Good separation
UBK555
UBK530
220
Poor separation
CR1320K
1
350
Poor separation
CT124
1
450
No separation

Further use
Yes
No
Yes
No
No
No

The HPLC system, at the time of retesting the PCR642K resin, had not
been used on a regular basis for over three months. Potential sources of
inaccuracies with the HPLC system are listed below.
Column resin in poor condition
Calcium sulphate mobile phase precipitating out of solution and
blocking lines
Proper operational procedure not followed, e.g. degassing
mobile phase
Detector not working properly
Air in system
Human error: incorrect dilution, mistimed injection and air in
injection sample.
There may also have been problems with the CSEP resin. As stated in
Chapter four, there is evidence that the PCR642K resin has a very low
capacity. It is most likely that it was the impurities causing overloading as it
does not seem very likely that Purolite would make a resin specifically for
use with betaine that only has a small capacity for it. There is obviously
something very wrong if doubling the amount of resin has little or no effect
on the amount of betaine adsorbed on it. This can be seen from observing
the figures for 30 ml of resin and 70 ml of resin. Both adsorbed
approximately 1.5 g/l (liquid phase concentration), which does not make
sense. For a larger amount of resin, a larger number of adsorption sites
would be expected to be available. Although, adsorption is only partly
dependent on the number of available adsorption sites, it is expected that
the resin concentration of betaine would be in equilibrium with the liquid
phase concentration. This did not happen as shown in Table 16. Only two
results are used for clarity and to highlight the seriousness of this concern.
Table 16: Problematic results from isotherm tests
Liquid cone, betaine
Resin cone, betaine
4.970
5.239
4.983
2.226
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It seems odd that the same amount of betaine in the liquid phase should
produce such different figures for solid phase concentration of betaine.
The first figure is over twice the other.
The effect of the impurities on the resin needs to be considered. Originally,
it was assumed that the impurities did not adsorb onto the resin. The
following results show that this assumption is false.
Table 17: Impurities adsorbed onto resin
Resin
Impurities adsorbed
volume
(g/l liquid basis)
0 cc
3.0
10 cc
0.8
30 cc
4.6
50 cc
5.3
7.8
70 cc
90 cc
12.2
110 cc
11.6

-H

Strangely, 3 g/l of impurities are unaccounted for in the “blank” (0 cc)
sample when it should have been the same as the original feedstock. The
dry solids test has been shown in the past to be very reliable and
accurate. Perhaps some form of degradation was occurring. There is a
general trend of more impurities adsorbing on increasing amounts of resin.
The corresponding betaine results are shown in Table 18.
Table 18: Purolite-betaine isotherm results
Resin
Betaine adsorbed
volume
(g/l liquid basis)
0 cc
0.0
0.492
10 cc
1.572
30 cc
50 cc
1.763
1.558
70 cc
90 cc
5.016
IIOcc
5.236
The amount of betaine adsorbed actually decreases going from 50-cc of
resin to 70-cc of resin. In addition, an increase from 1.558 g/l to 5.016 g/l
seems considerable with only a 20-cc increase for resin used, given the
overall trend.
The only conclusion possible is that no conclusion can be taken from the
isotherm results for PCR642k resin. The results were seriously delayed by
outside sources and by the time that the results were received and
analysed, it was too late to go back and redo the tests. This was most
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unfortunate because it would have been useful to verify the calculations of
the shorthand pulse method and direct scale-up from CSEP results.
The calculations from first principles are long, tedious, and overly
dependent on results from the isotherm test. The pulse test is much easier
to carry out and to read from a graphical point of view. It is not clear how
exactly Calgon Carbon (originally AST) originally calculated how to go
from the pulse test to the shorthand calculations. AST obviously knew that
different sections of the pulse test covered different zones within the
CSEP and built their knowledge from there.
Pulse tests are much easier to perform. Therefore, more of these were
completed over the course of the project and quite a large body of
information is available (in the appendices) to make reasonably precise
predictions as to the size of the future process plant. An important point to
remember is that the pulse test only predicts general starting conditions for
the CSEP. if these conditions work, then they can be optimised and
extrapolated to process scale. The conditions must first be checked on the
CSEP itself.
Unfortunately, there is no way to predict by calculation methods just how
much the throughput can be increased. This must be tested on the CSEP
pilot rig itself. However, the results can still be compared with the scaleups from actual CSEP run data. Table 19 shows, the potential process
parameters for the Purolite resin according to pulse test data.
Table 19: Scale up of pulse test data from Purolite resin
Feed
100 rrr/hr
Eluant (water)
600
Product
200 m^/hr
Waste
500 m^/hr
Resin
1250
The water requirement is twice the figure obtained from CSEP scale-up.
Also double the results from the CSEP scale-up are the product and waste
flowrates. The eluant flowrate is clearly causing the product and waste
flowrates to be larger. The original set of conditions for use with the CSEP
obtained from the pulse test data is shown in Table 20.
Table 20: Predicted CSEP conditions from pulse test data
3.8 ml/min
Feed
Eluant (water)
22.5 ml/min
Product
10 ml/min
Waste
16.3 ml/min
Step time
20 min
The data in Table 19 was obtained from the data in Table 20. The step
time is obviously very different to the 10-minute step time that was used.
Page 91

This probably accounts for the difference with the flowrates. Lack of time
meant that these conditions could not be tested and prove the suitability of
using pulse tests to set preliminary flow conditions. It is important to
understand that pulse test predictions need to be tested on the CSEP
before they can be scaled up.
To optimise the CSEP, the flowrates must be increased by 5% and step
time decreased by 5% in repeating steps. This was modelled on a
spreadsheet until the step time decreased to the 10 minutes that was used
in this project. The feed flowrate recommended for this step time was 7.5
ml/min, which was very close to the 8 ml/min that was used in the CSEP.
The only problem is that the eluant flowrate obtained from the modelling is
44.8 ml/min. The original was 24 ml/min.
Studying the pulse test calculations procedure gives the reason for this
huge difference. The elution rate is selected from a point at the end of the
graph. Selecting the wrong point does not make the feed, product and
waste flowrates incorrect, nor does it affect the step time calculation.

BV

BV

BV

BV

BV

BV

BV

Ti'me (or Volume)

Figure 24: Pulse test and rates
The elution rate selected from the graph affected the eluant flowrate only.
Selecting an elution rate that is too large will artificially increase the eluant
flowrate beyond that of any other errors. At the beginning of the project, it
was thought important to select the elution rate from the point where the
impurities are at a minimum. Later, it was learned that this was not so. It is
important for the elution rate to be selected from a point with a low level of
impurities but not necessarily “zero” impurities. Therefore, the location of
the elution rate point is not definite but should be as small as possible. A
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smaller elution rate means less columns are required and less columns
means less resin and capital cost.
There is also the factor that good results obtained from the CSEP unit
were probably not using the same parameters as recommended by the
pulse test. The enrichment rate of 1.2 used in the pulse test calculations
was different to what the effective enrichment rate was in the CSEP.
Working backward from the CSEP flowrate conditions, the following
information obtained is shown in Table 21.
Table 21: Bed volume rates from CSEP conditions
Elution
0.96
Enrichment
0.7
Feed
0.32
10.4
i BV rate
These compare rather differently to the graphical
22.
Table 22: Bed volume rai'es from pulse test
Elution
1.8
Enrichment
1.2
Feed
0.3
BV rate
25
Reading incorrectly from a graph is a potential source of error but the large
gaps between the enrichment and elution rates is more than misreading
the graph. At 0.7 BV on the PCR642K pulse test, the impurities peak is at
a maximum. Separation could not possibly happen at this point. At 0.96
BV on the PCR642K pulse test, the impurities curve is decreasing to a
minimum, but no betaine is present, so separation at this point would be
wasteful. It is interesting that the feed rate is correct. Anything from 0.050.3 BV is recommended for the feed rate and the CSEP was working at
the upper limits.
The correct procedure would be to go back and repeat CSEP runs with the
preliminary conditions obtained from pulse tests. Unfortunately, it was too
late to do this so it should be a priority for any future work on betaine. This
way, the suitability of using pulse tests to select preliminary conditions for
use on the CSEP could be determined.
It is possible that errors in reading the graph could have produced the
differences in the tables. Choosing the incorrect elution rate from the
graph would change the predicted eluant flowrate and choosing the
incorrect enrichment rate from the graph would add errors to all the
flowrates as well as the step time. Errors in selecting both the enrichment
and elution rates would combine and produce an elution flowrate even
more inaccurate than with just an incorrect elution rate. The elution rate is
clearly wrong because the CSEP would give serious backpressure
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problems for any eluant flowrate above 24 ml/min. Adjusting the
enrichment rate to 1.0 and the elution rate to 1.2 gives results that
correspond better to the actual CSEP results.
Table 23: Predicted CSEP conditions from pulse test (adjusted)
Feed
4.2 ml/min
Eluant (water)
16.7 ml/min
Product
4.2 ml/min
Waste
16.7 ml/min
Step time
18 min
Interpolated to a step time of 10 minutes, this would give the data in Table
24.
Table 24: Predicted CSEP conditions from pulse test (adjusted)
7.5 ml/min
Feed
Eluant (water)
30.0 ml/min
Product
7.5 ml/min
Waste
30.0 ml/min
Step time
10 min
It must be stressed that the above figures were obtained through
calculations and not through fieldwork but they illustrate the differences
between the actual conditions used in the CSEP and the predicted
conditions from the pulse test calculations.
In conclusion, some more work must be carried out to determine whether
the pulse test can be used to accurately predict preliminary CSEP
conditions. It is clear that pulse test calculations can be used. The
question is how much they can be depended on.
6.2

Overall conclusions
•

•

•

•

Project is technically feasible
Clearly more work is required but it is feasible to separate betaine
from the calcium citrate waste. See Chapters four and six for indepth discussion.
Much water is required
The water requirements for extraction of betaine on an industrial
scale would be huge. Use of water conservation methods need to
be investigated to minimise the cost of water. See Chapter six for
explanation of water requirement.
Large resin columns are required
Treating 100 m^/hour of calcium citrate waste will require a large
amount of resin. The capital cost of this would be considerable. See
Chapter six for discussion on column sizes.
Resin life needs to be prolonged
Being a dirty stream, treating calcium citrate waste places many
demands on the reliability of the system and the operational life
span of a chromatography resin. Maximising use of resin will
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reduce downtime and the cost of replacement resin. This is
discussed in both Chapter four and six.
70% purity is obtainable. See Chapter four for in-depth discussion.
90% recovery is obtainable. See Chapter four for in-depth discussion.
Removal of calcium ions before treatment would be advantageous to
later steps. See Chapter four for more details.
2 step separation seems the best option: crude separation-remove
some impurities before refining step. See Chapter four.
More work is required verifying current CSEP conditions as best
available or finding better. See Chapter four.
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Betaine MSDS
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MATERIAL SAFETY DATA SHEET

CjiTftLOGS': 'Se^RCH 3^ ORDER LlST::CC)i»T£WTS

MATERIAL SAFETY DATA SHEET

Betaine anhydrous, 98yo
96491

**** SECTION 1 - CHEMICAL PRODUCT AND COMPANY IDENTIFICATION ****

MSDS Name: Betaine anhydrous, 98%
(Carboxymethyl)trimethylammonium hydroxide inner salt.
Company Identification:
Acros Organics N.V.
One Reagent Lane
Fairlawn, NJ 07410
For information in North America, call:
800-ACROS-01
For emergencies in the US, call CHEMTREC: 800-424-9300
**** SECTION 2 - COMPOSITION,

INFORMATION ON INGREDIENTS ****

-H--------------------------------------------------------------------

CAS#

1

107-43-7

1 Betaine,

Chemical Name
anhydrous,

+---------------------

1

98%

%
98%

1

EINECS#

1 203-490-6
+-----------

**** SECTION 3 - HAZARDS IDENTIFICATION ****
EMERGENCY OVERVIEW
Appearance: Not available.
Caution! Hygroscopic. May cause eye and skin irritation. May cause
respiratory and digestive tract irritation.
Target Organs: None.
Potential Health Effects
Eye :
May cause eye irritation.
Skin:
May cause skin irritation.
Ingestion:
May cause gastrointestinal irritation with nausea, vomiting and
diarrhea.
Inhalation:
May cause respiratory tract irritation.
Chronic:
No information found.
**** SECTION 4 - FIRST AID MEASURES ****
Eyes :

http;//www.fisherLcom/fb/itv?16..f97..msa0002.595..L.
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Immediately flush eyes with plenty of water for at least 15 minutes,
occasionally lifting the upper and lower lids. Get medical aid.
Skin:
Flush skin with plenty of soap and water for at least 15 minutes
while removing contaminated clothing and shoes. Get medical aid if
irritation develops or persists.
Ingestion:
Do NOT induce vomiting. If victim is conscious and alert, give 2-4
cupfuls of milk or water. Never give anything by mouth to an
unconscious person. Get medical aid.
Inhalation:
Remove from exposure to fresh air immediately. If not breathing,
give artificial respiration. If breathing is difficult, give oxygen.
Get medical aid if cough or other symptoms appear.
Notes to Physician:
Treat symptomatically and supportively.
**** SECTION 5 - FIRE FIGHTING MEASURES ****
General Information:
As in any fire, wear a self-contained breathing apparatus in
pressure-demand, MSHA/NIOSH (approved or equivalent), and full
protective gear.
Extinguishing Media:
In case of fire use water spray, dry chemical, carbon dioxide, or
chemical foam.
Autoignition Temperature: Not available.
Flash Point: Not available.
NFPA Rating: Not published.
Explosion Limits, Lower; Not available.
Upper; Not available.
**** SECTION 6 - ACCIDENTAL RELEASE MEASURES ****
General Information; Use proper personal protective equipment as indicated
in Section 8.
Spills/Leaks:
Vacuum or sweep up material and place into a suitable disposal
container. Clean up spills immediately, observing precautions in the
Protective Equipment section.
**** SECTION 7 - HANDLING and STORAGE ****
Handling:
Wash thoroughly after handling. Wash hands before eating. Use with
adequate ventilation. Avoid breathing dust, vapor, mist, or gas. Do
not get on skin or in eyes. Avoid ingestion and inhalation.
Storage:
Store in a cool, dry place. Store in a tightly closed container.
**** SECTION 8 - EXPOSURE CONTROLS, PERSONAL PROTECTION ****
Engineering Controls:
Use adequate ventilation to keep airborne concentrations low.
Exposure Limits
---------------------------- ^------

Chemical Name

|

--- +---------------------- ---- +------------------------

ACGIH

Betaine, anhydrous,|none listed
98%
1

1
NIOSH
1
1
1 none listed
1

---------------------------- +------

http://www.fisher l.com/fb/itv?l 6..f97..msa0002.595.. 1..
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OSHA Vacated PELs:
Betaine, anhydrous, 98%:
No OSHA Vacated PELs are listed for this chemical.
Personal Protective Equipment
Eyes

Wear appropriate protective eyeglasses or chemical
safety goggles as described by OSHA's eye and face
protection regulations in 29 CFR 1910.133 or European
Standard EN166.
Skin:
Wear appropriate gloves to prevent skin exposure.
Clothing:
Wear appropriate protective clothing to prevent skin
exposure.
Respirators
Follow the OSHA respirator regulations found in 29CFR
1910.134 or European Standard EN 149. Always use a
NIOSH or European Standard EN 149 approved respirator
when necessary.
**** SECTION 9
Physical State:
Appearance:
Odor:
pH:
Vapor Pressure:
Vapor Density:
Evaporation Rate:
Viscosity:
Boiling Point:
Freezing/Melting Point:
Decomposition Temperature:
Solubility:
Specific Gravity/Density:
Molecular Formula:
Molecular Weight:

PHYSICAL AND CHEMICAL PROPERTIES ****
Solid
Not available.
Almost odorless.
Not available.
Not available.
Not available.
Not available.
Not available.
Not available.
301 deg C dec
Not available.
slightly soluble in chloroform
Not available.
C5H11N02
117.15

**»* SECTION 10 - STABILITY AND REACTIVITY ****
Chemical Stability:
Stable under normal temperatures and pressures.
Conditions to Avoid:
Incompatible materials, exposure to moist air or water
Incompatibilities with Other Materials:
Strong oxidizing agents.
Hazardous Decomposition Products:
Nitrogen oxides, carbon monoxide, carbon dioxide.
Hazardous Polymerization: Will not occur.
**** SECTION 11

TOXICOLOGICAL INFORMATION ****

RTECS#:
CAS# 107-43-7: DS5900000
LD50/LC50:
Not available.
Carcinogenicity:
Betaine, anhydrous, 98% Not listed by ACGIH, lARC, NIOSH, NTP, or OSHA.
Epidemiology:
No data available.
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Teratogenicity:
No data available.
Reproductive Effects:
No data available.
Neurotoxicity:
No data available.
Mutagenicity:
No data available.
Other Studies:
No data available.
**** SECTION 12 - ECOLOGICAL INFORMATION ****
Ecotoxicity:
Not available.
**** SECTION 13 - DISPOSAL CONSIDERATIONS ****
Dispose of in a manner consistent with federal, state, and local regulations.
RCRA D-Series Maximum Concentration of Contaminants:
None listed.
RCRA D-Series Chronic Toxicity Reference Levels: None
listed.
RCRA F-Series None listed.
RCRA P-Series None listed.
RCRA U-Series None listed.
Not listed as a material banned from land disposal
according to RCRA.
**** SECTION 14 - TRANSPORT INFORMATION ****
US DOT
No information available
I MO
Not regulated as a hazardous material.
lATA
Not regulated as a hazardous material.
RID/ADR
Not regulated as a hazardous material.
Canadian TDG
No information available.
**** SECTION 15 - REGULATORY INFORMATION ****
US FEDERAL
TSCA
CAS# 107-43-7 is listed on the TSCA inventory.
Health & Safety Reporting List
None of the chemicals are on the Health & Safety Reporting List.
Chemical Test Rules
None of the chemicals in this product are under a Chemical Test Rule.
Section 12b
None of the chemicals are listed under TSCA Section 12b.
TSCA Significant New Use Rule
None of the chemicals in this material have a SNUR under TSCA.
SARA
Section 302 (RQ)
None of the chemicals in this material have an RQ.
Section 302 (TPQ)
None of the chemicals in this product have a TPQ.
Section 313
No chemicals are reportable under Section 313.
Clean Air Act:
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This material
does not contain any hazardous air pollutants.
This material
does not contain any Class 1 Ozone depletors.
This material
does not contain any Class 2 Ozone depletors.
Clean Water Act:
None of the chemicals in this product are listed as Hazardous
Substances under the CWA.
None of the chemicals in this product are listed as Priority
Pollutants under the CWA.
None of the chemicals in this product are listed as Toxic Pollutants
under the CWA.
OSHA
None of the chemicals in this product are considered highly hazardous
by OSHA.
STATE
Betaine, anhydrous, 98% is not present on state lists from CA, PA,
MN, MA, FL, or NJ.
California No Significant Risk Level:
None of the chemicals in this product are listed.
European/International Regulations
European Labeling in Accordance with EC Directives
Hazard Symbols: Not available.
Risk Phrases:
Safety Phrases:
S 24/25 Avoid contact with skin and eyes.
WGK (Water Danger/Protection)
CAS# 107-43-7: 0
Canada
CAS# 107-43-7 is listed on Canada's DSL/NDSL List.
WHMIS: Not available.
CAS# 107-43-7 is not listed on Canada's Ingredient Disclosure List,
Exposure Limits
**** SECTION 16 - ADDITIONAL INFORMATION ****
MSDS Creation Date:

6/06/1995

Revision #1 Date:

3/04/1996

The information above is believed to be accurate and represents the best
information currently available to us. However, we make no warranty of
merchantability or any other warranty, express or implied, with respect to
such information, and we assume no liability resulting from its use. Users
should make their own investigations to determine the suitability of the
information for their particular purposes. In no way shall Fisher be liable
for any claims, losses, or damages of any third party or for lost profits
or any special, indirect, incidental, consequential or exemplary
damages, howsoever arising, even if Fisher has been advised of
the possibility of such damages.

Back to product information.
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Appendix II
Procedures for
Laboratory Analysis

Dry Solids Test
1) Use ten circular drying trays and place a circular paper filter pad into each
tray. The pad should be the correct size for the tray. Mark each tray with a
unique number.
2) Place the ten drying trays overnight into an oven preheated to 100°C.
3) Remove these trays and allow to cool.
4) Weigh each dry tray on an accurate laboratory balance. Note dry weight.
5) Place a 5ml sample on each tray and return to the oven to be dried overnight
6) Remove and allow to cool. Weigh again and note the results.
7) Using the spreadsheet devised for this purpose, calculate the dry solids
content of each of the samples. The equation is shown below.
Dry solids (g/l) =

Weight _ dry _ tray{g)
Volume _sample(l)

Pulse Test
1) Load a jacketed column with 250 ml of a resin.
2) Maintain about 40°C in the column by circulating hot water through the jacket.
3) Pass five bed volumes (BV) of 3% regenerating solution to convert it to the
proper ionic form.
4) Rinse the resins with five BV of deionised water (Dl). The column is now
ready to process the feed.
5) Add 20 ml of trical feed slowly to the top of the column.
6) Allow the feed to slowly adsorb in the top part of the column. This is done by
releasing 20 cc of liquid from the bottom of the column.
7) When all of the added feed sinks from the top of the column, add eluant (Dl).
Use a flowrate of about 10 ml/min.
8) Collect 25 fractions (25 ml each) from the column.
9) Analyse betaine concentration and percent dry solids of several fractions. It
should not be necessary to analyse all the samples. About 12 samples should
be sufficient to determine the extent of separation.
10) Plot betaine concentration and impurities concentration against volume
collected. It is useful to convert from volume collected to bed volumes (e.g.
0.5 BV= 125 ml)
Impurity concentration = dry solids - betaine concentration
Proper regenerating solution:

UBK555 (sodium hydroxide)
PCR642k (potassium hydroxide)
UBK530 (calcium chloride)

Any source of the proper ion is suitable as long it is soluble, hence
the use of calcium chloride (soluble) rather than calcium hydroxide
(insoluble)

Breakthrough test
1) Load a jacketed column with 250 ml of a resin.
2) Maintain about 40°C in the column by circulating hot water through the jacket.
3) Pass five bed volumes (BV) of 3% regenerating solution to convert it to the
proper ionic form.
4) Rinse the resins with five BV of deionised water (Dl). The column is now
ready to process the feed.
5) Add feed continuously to the top of the column. Use a flowrate of about 10
ml/min.
6) Collect 25 fractions (25 ml each) from the column.
7) Analyse betaine concentration and percent dry solids of several fractions. It
should not be necessary to analyse all the samples. About 12 samples should
be sufficient to determine the extent of separation.
8) Plot betaine concentration and impurities concentration against volume
collected. It is useful to convert from volume collected to bed volumes (e.g.
0.5 BV = 125 ml)
Impurity concentration = dry solids - betaine concentration

Kinetics Test
1) Take 200 ml of the resin.
2) Convert it to the proper ionic form by adding 1 litre of 3% regenerating
solution and stirring it for about 2 hours.
3) Drain off the regenerating solution.
4) Wash the resin with 1 litre of deionised water (Dl).
5) Drain off the water.
6) Wash the resin two more times with Dl.
7) Use litmus paper to ensure neutral pH.
8) Place 100 ml of the resin into a 1L beaker.
9) Place the beaker into a water bath where temperature is maintained at 40°C.
10) Allow 1 hour for the resin to attain the bath temperature.
11) Take 500 ml of trical waste in another 1L beaker.
12) Place the beaker in the hot water bath.
13) Allow 1 hour to equilibrate with the bath temperature.
14) Add the preheated trical waste to the beaker containing the resin.
15) Agitate the resin and trical waste vigorously with an impeller.
16) Take samples of 2 ml each at times of 0, 1,2, 3, 5, 8, 11, 15 and 20 minutes
after the trical waste is added to the resin.
17) Plot betaine concentration as a function of time.
This test requires two people to carry it out in an efficient and correct
manner

Isotherm test
1) Take 400 ml of resin in a beaker.
2) Convert it to the correct ionic form by adding 1.5 litres of 3% regenerating
solution and stirring for about 2 hours.
3) Drain off the regenerating solution.
4) Wash the resins thoroughly with 1L of deionised water (Dl).
5) Drain off the water.
6) Wash the resin twice more in a similar manner.
7) Measure 10 ml, 30 ml, 50 ml, 70 ml, 90 ml, and 110 ml of the resins with a
graduated cylinder.
8) Add those volumes of resin in six 250 flasks.
9) Add 100 ml of trical waste to all of the flasks and to a seventh flask with no
resin. This will act as a blank.
10) Shake the flasks in a shaker for about 2 hours at 40°C.
11) Collect liquid samples from each flask and analyse the concentration of
betaine.
12) Analyse the initial concentration of betaine in the trical waste feed.
13) Calculate the concentration of betaine in the resin phase for each of the
flasks.
Co
Cf,n
V
Rn
Qn

=
=
=
=
=

initial concentration of betaine in trical waste
final concentration of betaine in flask n
volume of trical waste in each flask (e.g. 100 ml)
volume of resin in flask n
concentration of betaine in resin phase in flask n

„ He.

0

Plot

Qn

- C,,)

R
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PURPOSE
To provide a procedure for HPLC assay of betaine.

2.0

SCOPE
This procedure is ap5)licablc to the assc^ of aqueous process control and product solutions of betaine,

3.0

APPARATUS
3.1
3.2

3.3
3.4
3.5
4.0

REAGENTS
—> 4.1
—^ 4.2
4.3

5.0

Water, HPT^C gradt^
Calcium sulfate dihydrate, ACS reagent grade, or equivalent
Betaine anhydrous reference standard, or equivalent: of highest available purity.

PREPARATION OF MOBILE PHASE
5.1

5.2

6.0

Bio-Rad Aminex® HPX-87C caibohydraie analysis column, 4.0 x 250 mm. or equivaleuL
High perfonnance liquid chromatograph (HPLC) system, capable of pumping ai 0.35 mL/miimtc,
mamtainmg 75°C colunm lenqjeraUirc, injecting 20 pL samples, and providing refractive index
(Rl) detection.
Analytical balance, capable df weighing to 4 dfrimai pTarv^c
Volumetric
of ^propriatc si^^s,
Sterile filtration apparatus, suitable for filtraiion of the external standard solutions prior to storage.

0.01 M calcium sulfate; Per liter of mobile phase required, dissolve 1.72 g CaS04*2H20 in 1000
mL of HPLC grade walCT. E.xlcnsivc stirring may be required, as the solubility of this salt in water
is aj3>ioxmiatcly 2 g/L at ambient temperature.
Prepare a sufficient volume to serve as the naobile phase and as the sample and standard dduenL
Degas the portion to be used as the mobile phase.

PREPARATION OF EXTERNAL STANDARD SOLUTIONS
External standard solutions of betaine reference standard ^ould be prepared to conccntiations such that die
sample concentrations fall withm the calibrated range of the assay. The assay has been shown to be useful
in the range of 0 to 2 g/L betaine; external standards typically are prepared at 0.50,0.75,1.00,1.25 and
1.50 g/L.
6.1

Prepare solutions of betaine for calibration, at not less than jBve (5) levels. Accurately weigh
portions of the reference standard and dilute to known final volumes with the ass^ mobile phase.

99
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6.3
7.0
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Cslculste the oonceotr&iion of e&ch standard solution, ^?^king into account the reference standard
assay, w-ater content etc. as provided in the manufacturer's certificate of analysis.
Filter eacii external standard solution with a suitable sterile apparams and store icfirigcratcd.

PREPARATION OF SAMPLES
Typical process samples (feed, product, wastel have been prescnied in the appro-ximate rarye of 1 to 10 g/L
betaine. Regardless of concentration, all samples should be diluted at least two-fold to minimi7£ mafriY
effects.
7.1
7,2

8.0

CALIBRATION
8.1
8.2

9.0

Using suitable volumetric apparatus, dilute the sample to an expected conceniralion of 1 g/L with
the assay mobile phase.
Calculate the dilution factor of the sample preparation.

Calibrate the HPLC system using the external standard solutions prepared in section 6.0.
Construct a calibration curve for betaine as a linear regression of the concentration against the
observed peak area. Determine the slope (m), y-iniOT«pt (b), and correlation coefficicni (r) of the
regression equatioa The calibration function of a suitable instrument software package may be
employed for this purpose. The correlation coefficient should be >0.9S>9.

HPLC OPERATING PARAMETERS
Inject the diluted sample on the HPLC system, using the following operating parameters, and record the
peak responses as area.
9.1
9.2
9.3
9.4
9.5

10.0

Pump flow rate:
Mobile phase;
Column temperature;
Injection volume;
Detection:

0.35 mL/mimite
0.01MCaSO4
75“C
20 pL
icfiactivc index

CALCULATIONS
10.1

Calculate the concentration of betaine in the sample using the peak areas recorded in section 9.0
and the slope (m) and y-intcrccpt (b) of the appropriate cahbraiion regression from section 8.0, as
follows;
[betaine], g/L = (sample dilution factor)[(conipound peak areaXslope) + (y-iniercepi)l
As an alternative, the quantitation reports of a suitable insinimeni software package may be
employed.
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11.0

EXAMPLE chromatograms
Betaine Reference Standard

Betaine Product
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PURPOSE
To provide a procedure for determination of dry solids on a weight/volume or weighL/weight basis,

2.0

SCOPE
This procedure is applicable to the deicrTninaLion of dry solids in samples which are known to be thennally
stable at or below the drying temperature of 95°C.

3.0

apparatus

3.1
3.2
3-3
3,4
3-5
3.6
4.0

REAGENTS
4.1

5.0

Water, HPLC grade.

PREPARATION OF ALUMINUM PANS
5.1

5.2
5.3

6.0

Drying oven, capable of maintaining a constant temperature of 95°C.
Disposable aluminum weighing, nans, or equivalent; of appropriate size to accommodate a 5.0 mL
or 5.0 g sample. ..
Glass fiber filter circles.,or equivalent; of a .size fitting the aluminum weighing pairs.
Dessicator, capable of accomodating the dried aluminum weighing pans.
Pipettor, capable of delivering an accurate volume of 5.0 mL.
Analytical balance, capable of weiglting to 4 decimal places,

Place one glass fiber filter circle into the bottom of each aluminum pan. Prepare as many pans as
required and label the pans in a permanent manner which will allow them to be identified
individually.
Place the pans into the oven and allow them to dry overnight at 95^C.
Remove the pans from the oven and allow them to equilibrate to ambient temperature in a suitable
dessicator.

PREPARATION OF SAMPLES
6.1
6.2

6.3
6.4

Record the identity and tare weight of a dried pan.
For weight/voiume determinations, transfer a known volume of the sample into a dried pan using a
pipettor. If necessary, as for viscous samples, rinse the pipet tip with water to ensure a
quantitative transfer. -A sample volume of 5,0 mL is standard.
For weight/weight determinations, weigh a known amount of the sample into a dried pan and
record the sample weight. A sample w'eight of 5.0 g is standard.
Transfer each pan to the oven and allow to dry overnight at 95°C.

r
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Remove each dried pan from the oven and allow to equilibrate to ambient temperature in a suitable
dessicator.
Record the final weight of each pan plus sample.

CALCULATIONS
7.1

Calculate dry solids on a weight/volume basis as follows;
dry solids, g/L = (final weight of pan and .sample, e - tare weight of pan, gif 1000 rnTTl.t
(sample volume, mL)

7.2

Calculate dry solids on a weight/weighl basis as follows:
dry .solids, g/k'g = (final weight of pan and sample, g -• tare weight of nan. g)(l(X)0 g/kg)
(.sample weight, g)

TOTfiL P.06
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Appendix III
CSEP Results
(Summary)

Date

Eluant (ml/min)

Product

Feed

Waste

Enrichment

Error {%)

Resin

Feed

07/12/99
08/12/99
09/12/99
10/12/99
16/12/99
05/01/00
06/01/00
11/01/00
18/01/00
19/01/00

26.0
25.7
23.0
19.0
27.8

9.0
10.0
10.0
8.0
12.0

9.0
10.3
8.0
8.3
10.0

26.0
26.0
23.0
20.1
25.8

17.0
15.7
13.0
11.0
15.8

0.0
0.0
-6.5
-3.1
0.0

X

X

X

X

X

X

29/01/00
06/02/00
22/03/00
23/03/00

15.6
20.6
24.2
24.8

6.9
8.6
11.0
16.9

7.0
8.0
11.8
11.6

16.0
18.6
23.2
18.1

8.7
12.0
13.2
7.9

-1.6
4.7
4.8
3.8

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

X

16/06/00

23.8

12.0

12.0

23.5

11.7

0.6

'WMMl

X

X

X

X

X

X

24.3
24.0
24.0
24.2
24.3
24.0
23.9
24.1
24.3
24.2

15.8
4.2
8.0
7.8
11.2
11.2
4.1
4.2
11.6
3.9
3,9

12.0
11.9
12.0
7.8
8.0
7.8
8.0
4.0
3.9
4.0

19.7
29.4
26.7
24.1
20.6
20.6
27.7
23.5
16.5
24.0

8.5
19.8
16.0
16.4
13.1
12.8
19.8
19.9
12.7
20.3

2.0
6.4
3.5
0.3
1.5
0.0
0.3
1.4
0.4
0.9

UBK555
UBK555
UBK555
UBK555
UBK555
UBK555
UBK555
UBK555
UBK555
UBK555
UBK555
UBK555
UBK555
UBK555
UBK555
UBK555
UBK555
UBK555
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K

TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW

21/06/00
22/06/00
23/06/00
27/06/00
28/06/00
29/06/00
30/06/00
04/07/00
05/07/00
20/07/00
; 21/07/00
:26/d7/00*
14/09/00
18/09/00
19/09/00
20/09/00’
21/09/00
27/09/00
28/09/00
02/10/00
03/10/00
05/10/00
09/10/00
10/10/00
11/10/00
12/10/00
: 16/10/00
17/10/00
18/10/00
19/10/00

X

X

X

X

X

X

27.3
30.5
19.8
21.5

11.7
12.5
8.1
8.3

7.8
7.7
8.1
9.0

23.5
24.6
21.1
20.8

15.7
18.0
11.7
13.2

0.0
3.0
-4.8
4.4

X

X

X

X

X

X

23.4
24.3
24.4

8.0
12.0
4.0

8.4
8.0
8.0

24.0
20.0
26.7

15.4
12.3
20.4

-0.6
0.9
5.3

X

X

X

X

X

X

23.7
24.6
23.8
24.5
24.7
24.6
24.6
24.4
24.4
24.5

2.1
12.5
7.8
4.0
1.9
4.1
11.8
8.2
2.0
4.0

8.0
12.3
11.8
11.9
11.9
4.1
4.1
4.0
4.1
15.9

27.3
22.7
25.3
31.0
33.7
24.1
16.7
20.3
26.0
35.7

21.6
12.1
16.0
20.5
22.7
20.5
12.8
16.2
22.4
20.5

7.3
4.7
6.8
3.8
2.7
1.8
0.5
-0.4
1.8
1.6

X

X

X

X

X

X

24.4
24.4
24.4

11.8
8.4
1.9

16.1
16.1
16.2

27.8
31.7
38.0

12.6
16.0
22.5

2.1
0.9
1.7

23/10/00
24/10/00
25/10/00
31/10/00
01/11/00
07/11/00
13/11/00

24.5
20.2
20.0
20.4
24.4
24.6
24.2
X

X

X

X

X

X

21/11/00
20/12/00
09/01/01
10/01/01
11/01/01
16/01/01
18/01/01
06/02/01
13/02/01
14/02/01
22/02/01
27/02/01
28/02/01
28/03/01
10/04/01
11/04/01
12/04/01
17/04/01
18/04/01
25/04/01
26/04/01
01/05/01
02/05/01
04/05/01
09/05/01
15/05/01
16/05/01
22/05/01

24.6
20.0
20.4
20.4
20.4
20.4
20.4
20.0
21.0
20.0
20.6
19.6
19.6
20.6
20.6
20.4
20.4
21.0
21.0
20.6
20.4
20.5
20.2
20.4
20.4
20.3
21.0
19.6

7.8
7.9
7.2
7.2
7.2
7.2
7.2
7.2
4.9
6.8
4.9
7.7
8.3
6.9
6.8
7.5
6.0
7.2
7.2
7.0
7.2
6.8
5.2
5.5
5.1
4.9
5.3
5.0

16.0
8.0
8.0
8.0
8.0
8.0
8.0
8.1
8.0
8.0
8.3
7.8
7.9
8.2
8.6
8.0
8.1
8.0
7.9
7.9
7.7
7.8
7.9
8.0
7.9
7.4
7.7
6.7

31.9
20.0
20.1
20.1
20.1
20.1
19.0
19.0
23.2
20.0
23.2
19.0
18.4
21.8
20.6
20.7
22.1
20.7
20.6
20.9
20.8
22.2
22.9
23.1
22.9
22.6
22.9
20.0

16.8
12.1
13.2
13.2
13.2
13.2
13.2
12.8
16.1
13.2
15.7
11.9
11.3
13.7
13.8
12.9
14.4
13.8
13.8
13.6
13.2
13.7
15.0
14.9
15.3
15.4
15.7
14.6

2.2
0.3
3.9
3.9
3.9
3.9
7.7
6.7
3.0
4.4
2.6
2.5
2.7
0.6
6.5
0.6
1.5
4.0
3.8
2.1
0.2
-2.5
0.1
-0.6
1.0
1.0
2.0
4.8

X

X

X

X

X

X

24/05/01
25/05/01
30/05/01

21.2
22.5
22.8

5.2
5.2
4.6

7.2
7.1
7.3

21.9
25.0
25.0

16.0
17.3
18.2

4.8
-1.9
1.7

17.7
17.8
17.7

1.6
5.6
5.3

7.8
4.1
4.1
4.2
8.3
7.8
8.2

16.3
16.2
16.2
15.8
15.8
15.6
15.6

:,v '"22:6;;
06/06/01
07/06/01
08/06/01

23.0
23.0
23.0

TCW = calcium citrate waste
MOL = Molasses

32.5
31.5
31.5
31.2
31.6
32.0
31.7

16.7
16.1
15.9
16.2
16.1
16.8
16.0

1.0
2.2
1.7
2.4
0.8
0.9
-0.1

'■WMM

5.3
5.3
5.3

7.5
7.8
7.8

24.7
23.8
23.8

PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
UBK555
UBK555
UBK555
UBK555
UBK555
UBK555
UBK555
UBK555
UBK555
UBK555
UBK555
UBK555
UBK555
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
PCR642K
1 PCR642K
PCR642K
PCR642K
PCR642K

TCW
TCW
TCW
TCW
TCW
MOL
MOL
MOL
MOL
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW
TCW

Appendix IV
CSEP Optimisation
Summary
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Appendix V
Laboratory
Safety Report

Title:
Date:
Submitted by:
Distributed to:
Also enclosed:

Safety report on project laboratory
9th Feb. 2000
Colin Burkley
ND
N/A

This is a brief summary of the various hazards and potential hazards in the
laboratory used for the purposes of this masters program. The purpose of this
document is to highlight these hazards and the steps that can be taken to
minimise them.
Electricity
There are 26 240V power sockets inside the cabin. The 8 of those,
which happen to be in the bund area, are well above the water level in the
bund but spillages on the table and CSEP must be guarded as they are above
the level of the sockets. There are six sockets around the sink area. Special
care is being taken to ensure that condensate from the distillation still may not
run onto any of these sockets. As a precaution, the electric heater has been
moved away from any power outlets.
Heat
Excess heat is a valid safety concern as low-pressure steam is being
used for CSEP operation. Ordinarily, this steam runs into a steam trap at the
back of the cabin. Lagging has been placed on the piping to guard against the
possibility of sustaining a burn from touching the piping. The electric heater
also generates heat. As a result, the heater has been placed in the middle of
the floor where risk of fire spreading is minimised and it is also well away from
water taps. The last major source of heat is the distillation still. If the water
supply were to run out the water in the still might boil off, risking a fire after all
the water when this happens. There is a thermostat on the still to prevent this
happening but the best option would be to NOT leave the still unattended for
long periods. The water boils off VERY quickly once the cooling water supply
fails.
Chemicals
There is a large inventory of chemicals in the cabin, a lot of which are
not essential to the day-to-day operation of the CSEP. Some of these were
disposed of (poor labelling, gone off) but the others were returned to the QC
laboratory. It is very rare that 46% (11.5M) NaOH is kept in the cabin. When it
is needed for making up column regeneration solutions, I take it as needed.
Some NaOH is kept in the cabin but it is only 1M solution. The stock of 96%
(^10M) sulphuric acid is potentially very dangerous so it is stored quite high
and away from all water sources in sealed bottles. The buffer solutions are
present only in small amounts so the hazard is negligible.

Inuentoru

of

chemicals

in

portacabin

Name
96% sulphuric acid
Running stock of stonq effluent
Hydrous iron sulphate crystals
Perchloric acid in glacial acetic acid (0.1M)
Sodium sulphate crystals
Potassium sulphate crystals
Rluminium sulphate crystals
Magnesium sulphate heptahydrate crystals
^15 litres distilled mater
Carbon dionide fire entinguisher
Foam spray fire entinquisher
litres uiscous liquid mith sodium hydronide
label (???)
=20 litres oil
Naphtholbenzene indicator
Phenolphthalein indicator
Buffer solution (pH 7.00)
Buffer solution (pH 1.677)
Buffer solution (pH 1.00)
Fine citric acid
Sodium citrate
Potassium citrate
Rnalar-grade calcium carbonate
5 litres of sodium hydroxide solution (???)
5 litres of sodium hydronide solution (1M)
Large supply of ion-enchange resins
46% running stock of sodium hydronide
Small amount of beet molasses
Key:

Dis = disposed

Lab = returned to Q.C. lab

Hazard
High
Louj
7
7
Lorn
Lolu
Louj
Lolu
Louj
Lolu
Louj
Medium
Lolu
7
Lolu
Lolu
Medium
Medium
Louj
Lolu
Lolu
Louj
Medium
Medium
Louj
High
Lolu

Condition

Lab
Lab
Lab
Lab
Lab
Lab

Bis

Lab

Bis

Appendix VI
Project Time
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